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CLONED MAMMALIAN POLYAMINE OXIDASE 
DESCRIPTION 
BACKGROUND OF THE INVENTION 

Field of the Invention 

5 The invention generally relates to the mammalian polyamine oxidase (PAO) enzyme. 

In particular, the invention provides cloned mammalian PAO and methods for its use as a 
diagnostic and prognostic tool. 

Background of the Invention 
The polyamines putrescine, spermidine, and spermine are naturally occurring 

1 0 polycationic alkylamines that have been demonstrated to be important in normal and 

neoplastic cell proliferation, differentiation, and in some cases, cell survival (1-3). Because of 
the absolute requirement of these compounds for cell growth, the polyamine metabolic 
pathway (Figure 1) is a promising target for antiproliferative strategies such as those 
employed in cancer therapies (4). In fact, several tumor types, including prostate tumors, have 

15 been demonstrated to possess disregulated polyamine metabolism. Although much work (1) 
on interfering with the polyamine metabolic pathway has focused on blocking synthesis by 
directly inhibiting the biosynthetic enzymes ornithine decarboxylase and S- 
adenosylmethionine decarboxylase, more recent work has centered on using the self- 
regulatory properties of polyamine metabolism to design active polyamine analogues. Along 

2 0 this line, several symmetrically and imsymmetrically substituted antitumor polyamine 
analogues have been synthesized (5, 6). 

Interestingly, in addition to regulating the biosynthetic enzymes, some of the most 
effective antitumor polyamine analogues were found to profoimdly increase the catabolism of 
polyamines (7). In some instances, it appears that the activity of polyamine catabolism is 

2 5 directly associated with activity of the analogues (2,8,9). 

Polyamine catabolism is mediated by the activity of two enzymes acting sequentially 
or through the activity of a single oxidase. One rate-limiting enzyme in polyamine 
catabolism is spermidine/spermine A^-acetyltransferase (SSAT) (10). This enzyme catalyzes 
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the addition of an acetyl group to the iS^ -position of either spermidine or spermine. The 
acetylated polyamine then becomes the preferred substrate for the activity of acetylpolyamine 
oxidase (APAO), a flavin adenine dinucleotide-dependent oxidase that results in production 
of 3-acetamido propanal, HjOj, and either spermidine or putrescine, depending on the starting 
5 polyamine (11, 12). It should be noted that unmodified spermine is also a substrate of APAO 
(11). The enzyme polyamine oxidase described in this invention is a FAD-dependent oxidase 
that can act directly on the unacetylated polyamines and acetylated polyamines in a manner 
similar to that reported for a plant amine oxidase (14). 

As stated above, the polyamine catabolic pathway has been implicated in the 

1 0 sensitivity of several timior types to many antitumor polyamine analogues. This has been 
particularly true for SSAT. Several studies (2, 7, 13) have demonstrated that the activity of 
SSAT can increase several thousand-fold in response to exposure to polyamine analogues. 
However, it has been thought previously (12) that the activity of polyamine oxidation was 
constitutive and primarily limited by the availability of the acetylated substrate. Although 

15 there are recent cloning reports of yeast and plant PAOs (14, 15), the direct study of the 
regulation of a mammalian PAO has been hampered by the fact that no clone of the 
mammalian enzyme has been available. 

It would be of great benefit to have available cloned mammalian PAO. Such a cloned 
form of the enzyme would be desirable for use as a diagnostic and/or prognostic tool, for 

2 0 example, to determine the etiology of and predict optimal treatment regimens for disease 
states caused by abnormal expression of this enzyme. 

SUMMARY OF THE INVENTION 

It is an object of this invention to provide a substantially purified polynucleotide of 
mammalian origin that encodes the mammalian polyamine oxidase (PAO) enzyme. 
2 5 According to the invention, the mammalian (in particular human) polynucleotide that 

encodes the PAO enzyme has been identified, isolated and cloned. The polynucleotide 
encoding a polypeptide with PAO activity is the product of splicing several exons together. 
Both isoforms of PAO and truncated forms of PAO have been made, and hosts containing the 
substantially purified polynucleotides and antibodies to the PAO produced fi-om the 
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substantially purified PAO have been prepared. The resulting proteins from the various clones 
can oxidize both the Nl-acetylated polyamines and the unacetylated polyamines 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1. The polyamine metabolic pathway. AdoMetDC, s-adenosylmethionine 
5 decarboxylase; ODC, ornithine decarboxylase; SSAT, spermidine/spermine N^- 
acetyltransferase; PAO, polyamine oxidase; APAO, N^-acetyl polyamine oxidase. 
Figure 2A-C. A, nucleotide (1894 bp, SEQ ID NO. 1) and predicted amino acid (555 AA, 
SEQ ID NO. 2) sequences of the PAOhl. The ATG initiation codon and the TGA stop codon 
are in boldface, B, genomic structure of the hxmian PAOhl gene. The seven exons are 

10 numbered and represented by filled boxes, C, sequences at exon-intron junctions. Exon 
sequences are in uppercase letters and intron sequences are in lowercase letters. Sequences 
are: Exon 1, 5' splice donor: SEQ ID NO. 17; Exon 1, 3* splice donor: SEQ ID NO. 18; Exon 
2, 5' splice donor: SEQ ID NO. 19; Exon 2, 3' splice donor: SEQ ID NO. 20; Exon 3, 5* splice 
donor: SEQ ID NO. 21; Exon 3, 3' splice donor: SEQ ID NO. 22; Exon 4, 5' splice donor: 

15 SEQ ID NO. 23; Exon 4, 3' splice donor: SEQ ED NO. 24 Exon 5, 5* splice donor: SEQ ID 
NO. 25; Exon 5, 3* splice donor: SEQ ED NO. 26; Exon 6, 5* splice donor: SEQ ID NO. 27; 
Exon 6, 3' splice donor: SEQ ID NO. 28. 

Figure 3A-D. Determination of PAO activity and Km from TnT-produced protein. In vitro 
transcription and translation were performed with T7-coupled wheat germ extract system. 

2 0 TnT reaction (10 yl) was used for each assay with spermine as the substrate. A, PAO 

activity from TnT products using pPAOhl or vector pcDNA3.1 as the template. 5, effects 
of amine oxidase inhibitors on PAO activity in protein from TnT reaction (pPAOhl). The 
inhibitors used in the experiment: pargyline (monoamine oxidase inhibitor) + semicarbazide 
(diamine oxidase inhibitor), MDL 72,527 (PAO inhibitor), and a no inhibitor 

2 5 control as indicated. The ordinate is measured in arbitrary fluorescent units/equal amounts 
of TnT reaction mix. Bars^ the mean of at least two trials with a variation of < 10%. C, 
in vitro transcription and translation of human PAOhl with wheat germ extract system. 
The labeling assay was performed in the presence of [^^S]methionine with 2 pg of 
linearized plasmid as the template in a 25-ul TnT reaction. The labeled transcription 
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products were then separated by 10% SDS-PAGE. The templates used in the assays were: 
pPAOhl or pcDNAS.l vector as indicated. The arrow indicates the position of PAOhl 
protein. £>, increasing concentrations of spermine were used with equal amounts of TnT 
reaction products to determine initial velocity, and ^m was determined by a Lineweaver- 
5 Burke transformation. 

Figure 4A and B. BENSpm-induced PAOhl expression in the HI 57 cell line. A, PAO 
activity of NCI HI 57 cells after exposure to 10 mM BENSpm. The ordinate represents pmol 
H2O2 produced/mg protein. Bars^ the mean of two experiments with a variation of < 10%. B, 
total RNA (20 ug) from controls or cells that had been treated for 24 h with 10 uM 
1 0 BENSpm was used in each lane for Northern blot analysis with labeled pPAOhl cDNA 
as a probe. The blot was boiled and reprobed with 18S ribosomal DNA as a loading 
control. 

Figure 5. Schematic depiction of PAO-isoform 2 in comparison to PAO-isoform 1. For PAO- 
isoform 2, the cDNA is 1735 bp long; the open reading frame encodes 502 amino acids; the 
15 isoform results from the splicing of 8 exons and 7 introns. The new introns (159 bp) is a 
portion of axon V of isoform - 1 . ^ 
Figure 6 A and B. Schematic depiction of B, PAO-isoform 3, in comparison to A, PAO- 
isoform 1. For PAO-isoform 3, the cDNA is 799 bp long; the open reading frame encodes 
109 amino acids. 

20 Figure 7 A and B. Schematic depiction of B, PAO-isoform 4, in comparison to A, PAO- 
isoform 1. For PAO-isoform 4, the cDNA is 1825 bp long; the open reading frame encodes 
532 amino acids. 

Figure 8 A and B. Schematic depiction of B, P AO-truncation 1 (T-1) in comparison to A, 
PAO-isoform 1. For T-1, the cDNA is 1073 bp long; the open reading frame encodes 312 

25 amino acids; the truncated portion is bps 971-1791 (amino acids 301-555), 12 new amino 
acids are added to the C-terminal, and a new stop codon TAG is introduced. 
Figure 9 A and B. Schematic depiction of B, P AO-truncation 2 (T-2) in comparison to A, 
PAO-isoform 1. For T-2, the cDNA is 1 171 bp long; the open reading frame encodes 314 
amino acids; the truncated portion is bps 959-1681 (amino acids 298-538). 

3 0 Figure lOA and B. Schematic depiction of B, P AO-truncation 3 (T-3) in comparison to A, 
PAO-isoform 1. For T-3, the cDNA is 943 bp long; the open reading frame encodes 238 
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amino acids; the truncated portion is bps 170-1 120 (amino acids 38-354). 
Figure 11 A and B. Schematic depiction of B, P AO-truncation 4 (T-4) in comparison to A, 
PAO-isoform 1. For T-4, the cDNA is 293 bp long; the open reading frame encodes 75 amino 
acids; the truncated portion is bps 106-1548 (amino acids 13-493). 
5 Figure 12. Induction of PAO mRNA expression in various lung cancer cell lines by the 
polyamine analogue BENSpm 10 g of total RNA was hybridized to radiolabeled pPAOhl 
probe. 

Figure 13. PAO activity corresponding to cell lines in Figure 12. Fold increase over 
untreated cells is as indicated. Where indicated, lung cancer cells were treated with 10 \iM 
10 BENSpm for 24 hrs. 

Figure 14A and B, A, Nucleic acid sequence of PAO Isoform 1, SEQ ID NO. 1; B, amino 
acid sequence of PAO Isoform 1, SEQ ID NO. 2. 

Figure ISA and B. A, Nucleic acid sequence of PAO Isoform 2, SEQ ID NO. 3; B, amino 
acid sequence of PAO Isoform 2, SEQ ID NO. 4. 
15 Figure 16A and B. A, Nucleic acid sequence of PAO Isoform 3, SEQ ID NO. 5; B, amino 
acid sequence of PAO Isoform 3, SEQ ID NO. 6. 

Figure 17A and B. A, Nucleic acid sequence of PAO Isoform 4, SEQ ID NO. 7; B, amino 
acid sequence of PAO Isoform 4, SEQ ID NO. 8. 

Figure 18A and B. A, Nucleic acid sequence of PAO Truncation T-1, SEQ ID NO. 9; B, 
2 0 amino acid sequence of PAO Truncation T- 1 , SEQ ID NO. 10. 

Figure 19A and B. A, Nucleic acid sequence of PAO Truncation T-2, SEQ ID NO. 1 1 ; B, 
amino acid sequence of PAO Truncation T-2, SEQ ID NO. 12. 

Figure 20A and B. A, Nucleic acid sequence of PAO Truncation T-3, SEQ ID NO, 13; B, 
amino acid sequence of PAO Truncation T-3, SEQ ID NO. 14. 

2 5 Figure 21 A and B. A, Nucleic acid sequence of PAO Truncation T-4, SEQ ID NO. 15; B, 

£imino acid sequence of PAO Truncation T-4, SEQ ID NO. 16. 

Figure 22. Exon structures of human PAO isoforms The internal exon present in exon V 
of PAOhl can act as an intron and is spliced out of PAOh2 and PAOh4^ resulting in exons Va 
and Vb. PAOh4 contains a newly identified exon Via. 

3 0 Figure 23A and B. Kinetic properties of human PAO isoforms {A) In this Table all values 

represent means for at least two experiments, each with all samples prepared and measured in 
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duplicate from the same TNT reaction. C VMAX ') and Km! C K M *) values were 
predicted using the Lineweaver-Burk transformation of the Michaelis-Menten equation. V^^ 
units are presented as pmol of H2O2 generated/min per unit of protein, with protein unit 
determination via SDS/P AGE analysis of a radiolabeled aliquot of the TNT reaction mixture. 
5 {E) Shows representative double-reciprocal plots of PAOhl versus PAOh4 using increasing 
values of Spm as substrate. 

Figure 24. Speciflc activities of PAO isoforms with various polyamine substrates 

Protein produced from parallel TNT reactions in the presence and absence of [^^S]methionine 
was used for PAO activity analysis (shown) or quantified by SDS/P AGE (not shown). Band 
10 intensities from SDS-PAGE were normalized for the methionine content of each isoform and 
used for determination of specific activity values. 

Figure 25. Antitumor polyamine analogues and PAOhl inhibitor used in this study. 

Figure 26. Liduction of PAOhl/SMO activity by BENSpm in human lung cancer cells. Seven 

human lung cancer cell lines representative of the major forms of lung cancer were exposed 

15 to 10 IMBENSpm for 24 h to determine the e.ect on PAOhl/SMO activity. The numbers 
above each cell line represent the fold-increase in activity induced by BENSpm over 
untreated basal activity. The cell lines are: 1 H157 untreated, 2 H157 + BENSpm, 3 A549 
untreated, 4 A549 +BENSpm, 5 H727 untreated, 6 H727 +BENSpm, 7 H125 untreated, 8 
H125 + BENSpm, 9 U1752 untreated, 10 U1752 + BENSpm, 1 1 H889 untreated, 12 H889 + 

2 0 BENSpm, 13 H82 untreated, 14 H82 + BENSpm. Values are the means±SE of two trials 
performed in duplicate using 250 |jiM spermine as the substrate. 

Figure 27A,B. Time- and dose-dependent changes in PAOhl/SMO activity in NCI A549 
non-small-cell lung cancer cells in response to treatment with BENSpm or CPENSpm. A 
Cells were exposed to 10 |-iM BENSpm or CPENSpm for up to 24 h. B Cells were exposed to 

2 5 increasing concentrations of either BENSpm or CPENSpm for 24 h. The results in both A 

and B are the means±SE of four separate experiments using 250 |iM spermine as substrate 
performed in duplicate 

Figure 28A, B. Time- and dose-dependent changes in steady-state PAOhl/SMO mRNA 
levels in NCI A549 non-small-cell lung cancer cells in response to treatment with BENSpm 

3 0 or CPENSpm. A Increase in PAOhl/SMO mRNA with increasing exposure time to 10 |iM 

analogue. B Increase in PAOhl/SMO mRNA with increasing concentrations of analogue for 
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24 h. Fold increase is relative to untreated controls. Each point represents the mean±SE of 
two experiments performed in duplicate 

Figure 29A, B, Effects of cotreatment of NCI A549 cells with PAOhl/ SMO-inducing 
analogues and the PAOhl/SMO inhibitor MDL 72,527. Cells were seeded at 5 xlO^ cells/well 
5 and treated for 96 h with (A) 10 \iM BENSpm or (B) 10JJ.M CPENSpm in the presence or 
absence of 250 |iM MDL 72,527 (MDL). Each point represents the mean±SD of triphcate 
determinations. Note that the error bars fall within the symbol at each point 
Figure 30. Substrate specificity of PAOhl/SMO activity induced by BENSpm and 
CPENSpm. NCI A549 cells were treated with 10 \iM of either BENSpm or CPENSpm for 24 
10 h. Cell lysate fi-om the treated cells were then assayed for PAOhl/SMO activity using 250 
\iM spermine, spermidine, or Nl-acetylspermine. The data represent the means of four 
separate experiments performed in duplicate±SE 

Figure 31. Ability of various polyamine analogues to induce PAOhl/ SMO activity. NCI 
A549 cells were exposed to 10 ^iM of the indicated polyamine analogues for 24 h, 
15 PAOhl/SMO activity was then measvu'ed in the corresponding cell lysates using 250jiM 

spermine as the substrate. The basal oxidase activity was 4184 pmol/mg per hour. It should be 
noted that 250 |aM MDL 72,527 (MDL) only reduced the basal activity to 4055 pmol/mg per 
hour. The PAOhl/SMO inhibitor MDL 72,527 was used at a concentration of 250 \xM where 
indicated (MDL) in the assay of the analogue-induced PAOhl/SMO to determine if this 

2 0 induced activity could be efficiently inhibited. The results presented are the means±SE of four 

separate experiments performed in duplicate 

Figure 32. Symmetric, imsymmetric, conformational^ restricted, and oligamine analogues 
used. 

Figure 33A, B. A, Substrate specificity of purified recombinant PAOhl/SMO. Purified 
25 protein was incubated in the presence of 250pM of the indicated substrate (Spm, spermine; 
N'-Aspm, N*-acetylspermine; and Spd, spermidine). The oxidase inhibitor, MDL 72,527 was 
used at the concentration of 250 ^M. The data arc a representative experiment performed in 
triplicate with the error bars indicating the standard deviation. B, Inhibition of PAOhl/SMO 
activity by polyamine analogues. Purified protein was incubated in the presence of 250 p.M 

3 0 spermine and 10 jiM of the indicated analogue. Each bar represents the mean of triphcate 

determinations with indicated standard deviation. 
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Figure 34A, Dose-response to oligamine inhibitors of PAOhl/SMO. (A) Increasing 
concentrations of the indicated inhibitors were incubated with purified protein in the presence 
of 250 \iM spermine. CHENSpm was also included since this analogue has been 
demonstrated to inhibit the plant PAO (32). (B) Increasing concentrations of the oxidase 
5 inhibitor MDL 72,527 were incubated with purified protein in the presence of 250|iM 
spermine. Each point represents the mean of duplicate determinations. 
Figure 35. Exon structures of human PAO isoforms As shown in Figure 22, but with 
primer positions for real time PGR indicated. 

DETAILED DESCRIPTION OF THE PREFERRED 
1 0 EMBODIMENTS OF THE INVENTION 

The present invention provides the first substantially purified polynucleotide of 
mammalian origin encoding a polypeptide with polyamine oxidase (PAO) activity, and the 
polypeptide encoded thereby, i.e. a mammalian PAO enzyme. The polynucleotide may be a 
polydeoxyribonucleotide (DNA) or a polyribonucleotide (RNA). By "substantially purified " 

15 we mean that the polynucleotide has been isolated fi*om a mammalian source and cloned 

using genetic engineering techniques. In one embodiment of the invention, the polynucleotide 
is from a human source. In a preferred embodiment, the sequence of the polynucleotide is 
SEQ ID NO.l, SEQ ID N0.3, SEQ ID N0.5, SEQ ID N0.7, SEQ ID N0.9, SEQ ID NO.l 1, 
SEQ ID NO. 13, and SEQ ID NO. 15, and the primary amino acid sequence of the 

2 0 corresponding polypeptides (i.e. the translation product of the polynucleotide, a human PAO 
enzyme) are SEQ ID NO. 2, SEQ ID N0.4, SEQ ID N0.6, SEQ ID N0.8, SEQ ID NO.IO, 
SEQ ID N0.12, SEQ ID NO. 14, and SEQ ID N0.16, respectively. 

It should be noted that the polyamine oxidase protein and activity referred to in this 
application arise specifically fi-om the PAOhl/SMO gene. The products of this gene are truly 

2 5 polyamine oxidases in that they preferably oxidize the unacetylated polyamine spermine with 

the greatest affinity for spermine. The PAOhl/SMO polyamine oxidase gene products should 
not be confiised with the previously characterized N^-acetylpolyamine oxidase that 
preferentially oxidizes N'-acetylspermine and N^-acetlyspermidine, products of the polyamine 
catabolic enzyme spermidine/spermine N^-acetyltransferase. This acetylpolyamine oxidase is 

3 0 sometimes also referred to as PAO. 
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As disclosed herein, the polynucleotide encoding a polypeptide with PAO activity is 
the product of the splicing of several exons. For example, SEQ ID NO. 1 is the product of the 
splicing of seven exons (see Figure 2). As is well known to those of ordinary skill in the art, 
such spUcing reactions often exhibit variability, i.e. different combinations of the available 
5 exons are joined together, resulting in polypeptides which differ in primary sequence. These 
polypeptides with differing but related primary sequences are known as "splice variants" of 
mammalian PAO. Typically, such splice variants have several regions of primary amino acid 
sequence that are identical, whereas others regions may be omitted or exchanged. For 
example, if gene contains exons A, B, and C, splice variants of the gene could, theoretically, 

10 be ABC, AB, AC, or BC. However, as is recognized by those of ordinary skill, some spUce 
variants may be more likely to occur than others for any of several reasons, e.g. 
developmental regulation of the splicing reaction, conformation of the DNA, evolutionary 
selective pressure against splice variants that are inactive or overly active, etc. All such splice 
variants of mammalian PAO are intended to be included in the scope of the present invention, 

1 5 whether they are naturally occiming or constructed in a laboratory setting using genetic 
engineering techniques. Such splice variants are referred to herein as "isoforms of PAO" or 
simply as "isoforms". 

Further, as described herein, mammalian PAO is also present in cells in several 
truncated forms which display PAO activity (see Example 4, and Figures 5-9). Such truncated 

2 0 forms are also intended to be within the scope of the present invention, and are referred to as 
"truncations" or "truncated forms of PAO" or simply as "truncations" or "truncated forms". 

In a preferred embodiment of the present invention, the polynucleotide which 
encodes the mammalian PAO is SEQ ID NO.l, SEQ ID N0.3, SEQ ID N0.5, SEQ ID N0.7, 
SEQ ID N0.9, SEQ ID NO.l 1, SEQ ID NO. 13, or SEQ ID NO. 15 or modified variants 

2 5 thereof, and the encoded polypeptide is SEQ ID NO. 2, SEQ ID N0.4, SEQ ID N0.6, SEQ 

ID N0.8, SEQ ID NO.IO or SEQ ID N0.12, SEQ ID NO. 14, or SEQ NO, ID 16, or 
modified variants thereof The term "modified variants " refers to both nucleic acid 
sequences and to corresponding translated amino acid sequences. As will be readily 
appreciated by those of skill in the art, it is possible to make changes of several types in a 

3 0 DNA sequence and still obtain the same (or a functionally equivalent) protein translation 

product. For example, due to degeneracy in the DNA code, it is possible to alter the DNA 
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sequence and still encode an identical polypeptide (a "silent variation"). 

Alternatively, it is possible to make changes in the DNA sequence which result in 
conservative substitutions of functionally similar amino acids in the encoded polypeptide. 
Still further, changes resulting in non-conservative amino acid substitutions may also be 
5 made which, depending on the nature and location of the substitution, may have no 

deleterious effect on the activity of the polypeptide, or may have another desired effect (such 
as increasing or decreasing thermal stability, susceptibility to protease degradation, solubility, 
etc.) with or without impacting the primary enzymatic activity of the polypeptide. In some 
cases, it may be acceptable to cause an alteration in the enzymatic activity of the polypeptide 

10 in order to achieve another desirable outcome. Further, more extensive modifications are also 
be contemplated in the scope of the invention. For example, the DNA sequence may be 
shortened to remove sequences, or sequences may be added to the DNA for any of several 
reasons. For example, it may be desirable to modify the DNA to effect changes in the DNA 
itself (e.g. to introduce convenient restriction sites for manipulation of the DNA; to add, 

15 remove or rearrange cis- and/or trans-acting elements such as promoters, enhancers, etc.; to 
increase or decrease the Tm of the DNA, to alter its conformation, to alter its hybridization 
properties, or may be used in antisense strategies, etc. Altematively, it may be desirable to 
modify the DNA in order to effect a change in the corresponding polypeptide, e.g. to 
introduce or remove glycosylation sites, to add signal peptides, to add tagging or reporter 

2 0 moieties (e.g. green fluorescent protein), to create other desirable chimeric proteins, to 

decrease the number of amino acids or to generate polypeptide fragments for purposes such 
as, for example, raising antibodies, etc. Similarly, post-translational variants of the 
polypeptide are also encompassed by the scope of the present invention; for example, post- 
translational modification such as protease digestion, or various chemical modifications such 
25 as acetylation or amidation, are contemplated. All such modified variants of the sequences 
disclosed herein are intended to be encompassed by the present invention. In some 
embodiments, the resulting modified variant produces or is a polypeptide having polyamine 
oxidase activity of at least about 25% to 100% (or greater) of that of the sequences disclosed 
herein, and preferably having polyamine oxidase activity of at least about 50% to 100% (or 

3 0 greater) of that of the sequences disclosed herein. An exception is the generation of fragments 

for use as, for example but not limited to, probes (e.g. DNA fragments) or to raise antibodies 



-10- 



(e.g. polypeptide fragments), which may be useful in the practice of the present invention and 
may exhibit little or no PAO activity by themselves. In general, modified variants will 
exhibit nucleic acid homology of from about 50% to about 100% compared to that of the 
starting material (i.e. to that of the sequences disclosed herein or fragments thereof, and 
5 preferably from about 75% to about 100% to that of the sequences disclosed herein or 

fragments thereof). Those of skill in the art will recognize that this percentage would exclude 
sequences not originally derived from PAO sequences, for example, sequences added via 
genetic engineering during construction of DNA encoding a chimeric protein, or which 
contain vector or regulatory sequences, etc. Similarly, modified variants of the polypeptide 

10 will preferably exhibit amino acid homology in the range of from about 50 to 100% compared 
to the starting material, (the sequences disclosed herein or fragments thereof) and most 
preferably from about 75 to 100%, excluding non-related sequences that are added, for 
example, during construction of a chimeric protein. If the modified variant is a fragment of 
the original DNA or protein sequence, such a DNA fragment will typically be at least about 

15 20 nucleotides in length, and a polypeptide fragment will be about at least about 10 amino 
acids in length. Further, such modified variants may be the result of deliberate changes 
introduced in a laboratory setting, or fortuitous mutations which occur in a laboratory setting, 
or may be natural mutations or variants, for example, variations in sequence between 
individuals or species. 

2 0 The polynucleotide and polypeptide sequences which are the subject of the present 

invention may be either derived from natural sources (i.e. isolated and purified directly from a 
mammalian source); or they may be produced by genetic engineering techniques (e.g. by 
PGR, in vitro translation systems, bacterial expression systems and the like), or by chemical 
synthetic methods, all of which techniques are well-known to those of skill in the related arts. 
25 In one embodiment of the invention, the mammalian PAO enzyme is of human origin. 

However, those of skill in the art will recognize that all mammalian species possess PAO 
enzymes, and all such substantially purified enzymes and the nucleic acid sequences which 
encode them are intended to be encompassed by the scope of the present invention. 

Uses of the polypeptides of the present invention include but are not limited to, for 

3 0 example, providing such polypeptides (or suitable fragments thereof) to a cell in order to 

modulate the expression of PAO in the cell. For example, in a cell in which PAO is not 
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expressed, or expressed at a very low level, or in which a nonfunctional form of PAO is 
expressed, the provision of a functional form of the enzyme may alleviate disease conditions 
resulting from the lack of a normal form of the enzyme. 

The present invention also provides vectors comprising a substantially purified 
5 polynucleotide of mammalian origin encoding a polypeptide with PAO activity, or a fragment 
thereof. Those of skill in the art are well acquainted with techniques of genetic engineering by 
which polynucleotides encoding entire proteins, or encoding selected regions of the proteins, 
can be identified and placed within suitable vectors. Such vectors are useful for various 
reasons, for example, in order to carry out in vitro translation of the encoded polypeptide, or 

1 0 for use in maintaining the polynucleotide in a convenient form for various manipulations, 
such as for the transformation of host cells. 

The polynucleotide sequences of the present invention may be used as probes, for 
example, to detect PAO DNA and/or mRNA within cells of interest. Those of skill in the art 
will recognize that for use as a probe, it is frequently not necessary to utilize an entire coding 

15 region of a gene. Rather, short regions of a gene sequence may suffice, particularly those 
regions known to possess high homology between many individuals of a sample population, 
hi fact, non-coding intron regions may also be employed as probes, so long as they are 
sufficiently unique to identity the target gene. The rationale for selecting such regions and the 
methods of designing, making and using such probes are well known to those of skill in the 

2 0 art, and include taking into account such factors as probe length, secondary structure of the 
ssDNA, Tm of the ds hybridized sequences, etc. Guidance conceming such considerations in 
probe design is well known and readily available to those of skill in the art and dependent on 
the specific use, for example, standard Southem and Northern blotting, in situ hybridization, 
RNase protection, etc. n general, a probe based on the PAO gene of the present invention 

2 5 will be in the range of about 26 nts in length to about 1000 nts in length, depending on the 

technique used. Further, preferred regions of the gene to target include but are not limited to: 
the FAD binding region, exons 1-3, and probes that specifically recognize the individual 
splice variants. 

The present invention also provides methods directed to the use of such probes for 

3 0 detecting PAO-related DNA or RNA in a cell of interest. By PAO-related DNA or RNA, we 

mean that the probe may be utilized to detect (typically by hybridization with complementary 
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nucleic acid sequences) either DNA which encodes the PAO gene, or RNA (e.g. mRNA, 
either spliced or unspliced) which encodes the PAO protein. Typically, DNA or RNA is 
isolated from cell of interest (e.g. tumor cells, or cells which may be predisposed to become 
neoplastic) and the isolated DNA or RNA is incubated with the probe molecules imder 
5 conditions inducing denaturation, followed by hybridization of complementary sequences. 
Because the probe molecules would typically be labeled, (for example, with radioactivity) it 
would be possible to detect DNA or RNA from the cell which became hybridized to a probe. 
Altematively, pairs of or single DNA fragments homologous to regions of a gene of interest 
may be constructed and utilized as primers in, for example, a PGR reaction to amplify regions 

10 of DNA flanked by the primers. Such methodologies are routinely utilized by those of skill in 
the art, and many protocols are readily available for their execution. 

Such methods as those of the present invention are useful for many purposes, 
including but not limited to the detection of PAO DNA within cells (e.g. to detect mutations 
within the PAO gene of a cell which may predispose the cell to the development of a disease 

15 phenotype, for example, cancer); to detect levels of expression of mRNA which encodes a 
PAO enzyme or fragment(s) thereof (e.g. in order to detect abnormal levels of expression of 
the enzyme, or the expression of abnormal forms of the enzyme, which might predispose a 
cell to develop an abnormal disease condition such as cancer); or to monitor the level of 
expression of PAO mRNA in cells in response to a treatment regimen intended to modulate 

2 0 PAO expression, or to determine the predominant splice variants expressed. 

Li order to carry out the practice of the present invention, the polynucleotides of the 
present invention may be placed in vectors which are maintained in host cells. Those of skill 
in the art are well acquainted with the transformation of host cells with DNA encoding a 
polypeptide of interest. Types of host cells that are utilized routinely by those of skill in the 

2 5 art include but are not limited to bacteria, yeast, various mammalian cells (e.g. established 

mammalian cell lines), and insect cells (e.g. Drosophila spp.). Such host cells may also 
possess utility as therapeutic agents, for example, in order to provide a desired form of a 
mammalian PAO gene to a cell of interest as in gene therapy. For example, it would be 
possible to provide a normal form of the enzyme to cells which either do not produce PAO, or 

3 0 which produce an abnormal form of PAO. Likewise, it would be possible to repress 

expression of a form of PAO by providing to a cell of interest antisense DNA or RNA to 
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block the translation of mRNA encoding a form of PAO. 

The present invention also provides antibodies to polypeptides encoding a mammalian 
PAO enzyme, or fragment thereof. The production of antibodies (both mono- and polyclonal) 
are well known to those of skill in the art. Such antibodies may be generated to any isoform 
5 or truncation of a mammalian PAO enzyme, or to fragments thereof, hi a preferred 

embodiment, such antibodies are generated against SEQ ID NO. 2, SEQ ID N0.4, SEQ ID 
N0.6, SEQ ID N0.8, SEQ ID NO.IO, SEQ ID N0.12, SEQ ID NO, 14, and SEQ ID NO. 
16, or fragments thereof. The uses of such antibodies include but are not limited to the 
detection of PAO within cells (for example, the detection of different splice variants of PAO, 

10 or of mutant or otherwise abnormal forms of the enzyme). Altematively, the antibodies may 
be usefiil for inhibiting the enzymatic activity of mammalian PAO and various forms thereof 
upon administration of the antibodies to cells of interest, e.g. diseased cells known to exhibit 
abnormal polyamine oxidase-related metabolism, or cells which may have a predisposition to 
development of a diseased phenotype due to such abnormal metabolism. 

15 As described above, various aspects of the present invention may be usefiil in order to 

identify abnormalities in the forms or expression of various forms of mammalian PAO. As 
such, the invention provides diagnostic, prognostic and therapeutic tools for disease 
conditions associated with such abnormalities. For example, the probes and antibodies of the 
present invention may be used to identify abnormal forms or abnormal expression levels of 

2 0 PAO in a cell of interest, e.g. in a cancer cell, in order to confirm a diagnosis of malignancy 
or predict the likelihood of the development of malignancy beforehand. In particular, such 
methods may help to characterize a disease state, e.g. the potential aggressiveness of a tumor, 
early in (or even prior to) diagnosis based on the elucidation of the precise type of 
abnormality. For example, the expression of specific splice variants may be associated with a 

2 5 predisposition to disease conditions. The ability to detect these forms prior to the onset of 

other symptoms of the disease would clearly be a boon to physicians. Also, the ability to 
monitor the expression of specific forms of PAO associated with diseeise conditions during 
and after therapeutic treatment regimens would be of great utility. 

In particular, it is known that the prostate possesses the highest concentration of 

3 0 natural polyamines of any himian tissue, and that abnormalities in polyamine metabolism are 

implicated in prostate cancer. Detection and modulation of PAO in prostate cells may be 
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utilized prophylactically (for early detection of or to prevent the occurrence of prostate 
cancer) or therapeutically, to treat prostate cancer. For example, up-regulation of POA 
expression within cells is known to result in increased production of HjOj, leading to 
apoptosis of the cells. Therefore, ttie PAO enzyme is an excellent target for modulation in 
5 order to induce apoptosis in cells of interest. 

EXAMPLES 

Materials and Methods 

Chemicals. The radionucleotides ([a-^^P]dCTP and [a-^^S]methionine) were supplied by 
Amersham Pharmacia Biotech (Piscataway, NJ). The TnT coupled wheat germ extract system 

1 0 was purchased from Promega (Madison, WI). The TA cloning kit was purchased from 
Invitrogen (Carlsbad, CA). Trizol total RNA reagent was from Life Technologies, Inc. 
(Rockville, MD), Advantage cDNA Polymerase Mix system and a retroviral placenta cDNA 
library were from Clontech Laboratories, Lie. (Palo Alto, CA). Restriction and 
DNAmodifying enzymes were purchased from New England Biolabs, Inc. (Beverly, MA), 

15 Life Technologies, Inc., and Sigma Chemical Co. (St. Louis, MO). Life Technologies, Inc. 
synthesized all of the oligomers used in the experiments. 

The DNA sequencing was performed with a Perkin-Elmer ABI Automated DNA 
Sequencer. 7V*,Ar*-bis(2,3-butadienyl)-l,4-butanediamine (MDL 72,527) was kindly supplied 
by Dr. Eugene Gemer (University of Arizona, Tucson, AZ). Other chemicals came from 

2 0 Sigma Chemical Co., Roche Molecular Biochemicals (Indianapolis, IN), Bio-Rad (Hercules, 
CA), Aldrich Chemical Company, Inc. (Milwaukee, WI), and J. T. Baker, Inc. (Phillipsbvirg, 
NJ). 

Cloning of Human PAO. PCR (Advantage cDNA Polymerase Mix system) was used to 
clone human PAO cDNA. PCR was performed with a gene-specific primer pair [5- 

2 5 CGCCGCTCGCCGCAGACTTACTTC-3' (SEQ ID NO. 29) and 5*- 

AAAGCTACAGGGCCAGGTCTGAAG-3* (SEQ ID NO. 30)] and cDNA from a human 
placenta library. The PCR products were then cloned into pCR2.1 vector (pCR2.1/ PAOhx). 
To construct the pPAOhl plasmid, the cDNA insert in pCR2.1/ PAOhl was removed by 
cutting with HindJH and EcoRV and then inserting the resultant fragment into pcDNA3.1(-) 

3 0 vector in the same restriction sites. 
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In Vitro Transcription and Translation. In vitro transcription and translation reactions were 
performed with the TnT-coupled wheat germ extract system. Parallel reactions were prepared 
by adding an unlabeled amino acid mixture to one reaction and a [^^S]methionine containing 
amino acid mixture to the other, according to the supplied protocol. Vector pcDNA3.1 and 
5 pPAOhl were linearized by SaH restriction and served as the templates. The labeled 

translation reactions products were separated by 10% SDS-PAGE, and radioactivity on the 
labeled PAO band was determined by Phosphor image analysis using Image Quant software 
(Molecular Dynamics, Sunnyvale, CA). 

RNA Puriflcation and Northern Blot Assay- Total cellular RNA from the NCI HI 57 cell 
10 line was extracted using Trizol total RNA reagent according to the protocol from the 

manufacturer. Total RNA (20 ug) was separated on a denatxuing 1.5% agarose gel containing 
6% formaldehyde, transferred to Zetaprobe membrane (Bio-Rad), and hybridized with a 
random primer-labeled pPAOhl cDNA as the probe. Blots were washed and reprobed with an 
1 8S ribosomal cDNA probe as a loading control. 
1 5 Determination of PAO Enzyme Activity. The cultured HI 57 cells with or without treatment 
of 10 |iM N\ N"-bis(ethyl)norspermine (BENSpm) were homogenized with a Dounce tissue 
homogenizer in ice-cold 0.083 M sodium borate buffer (pH 9.0). The PAO activity in 
homogenates was assayed by the method of Suzuki et al (16), which measures the HjOj 
formed due to oxidation of spermine by converting homovanillic acid into a highly 
2 0 fluorescent compound in the presence of horseradish peroxidase. The samples were prepared 
in a 600-vil reaction containing 83 mM sodivim borate buffer (pH 9.0), 0.04 mg of horseradish 
peroxidase, 100 |il of cell homogenate, 0.1 mg of homovanillic acid, and 250 jiM spermine. 
Before the addition of homovanillic acid and spermine, the tubes were preincubated for 20 
min with shaking at 37'C to remove endogenous substrates of H202-producing enzymes. 

2 5 After preincubation, homovanillic acid and spermine were added, and the reactions were 

incubated for 1 h at 37"C. The enzyme activity was stopped by the addition of 2.0 ml of 0. 1 
M NaOH solution. The fluorescence intensity was measured with excitation at 323 nm and 
emission at 426 nm. Background fluorescence was deteraiined by addition of the spermine 
substrate into the reaction mixture only after inactivation of the enzyme by NaOH. Protein 

3 0 content of the cellular homogenate was determined using the Bio-Rad protein assay kit (Bio- 

Rad). One unit of PAO activity in cell homogenate was defined as that amoimt that 
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transformed 1 pmol spermine/mg cell protein/60 min at 37'C. For determination of PAO 
activity in the product of the unlabeled TnT reaction, 10 |il of TnT reaction were used in the 
place of the homogenate. The PAO activity in the TnT reactions was represented by the 
fluorescent compound formed within the 1-h incubation. In some tests, the inhibitor for 
5 monoamine oxidase (pargyline), diamine oxidase (semicarbazide), or polyamine oxidase 
(MDL-72527) was used at the final concentration of 1 .0 mM, 0.1 mM, and 0.25 mM, 
respectively. The concentrations chosen for each inhibitor 
were based on studies published previously (12). 

Determination of Km. The apparent Km of PAO using spermine as a substrate was 
10 determined using the TnT-produced protein described above. Concentrations of spermine 
used were similar to those reported by Libby and Porter (11). 
EXAMPLE 1. Molecular Cloning of Human PAO. 

The maize PAO was cloned recently by Tavladoraki et al. (14). Using the information 
provided by their work, PCR primers spaiming the putative flavin adenine dinucleotide- 
1 5 binding site were made to be used in the PCR techniques. 

Using human placenta cDNA as a starting material, multiple homologues of the maize 
PAO were identified. After sequencing of each individual clone, BLAST homology searching 
of the National Center for Biotechnology Information human genome database revealed that 
the multiple clones were encoded by the same genomic sequence (accession no. AL1216785), 
2 0 which is located on chromosome 20pl3. The longest clone, pPAOhl, is a total of 1894 bp 
(Figures 2A and 14A, SEQ ID NO. 1) and possesses an open reading fi-ame of 1668 bp 
coding for a putative protein of 555 AA (Figures 2A and 14B, SEQ DD NO. 2). This clone was 
chosen for further characterization. On the basis of the available GenBank data, pPAOhl is 
the product of seven exons and six introns (Fig. 2B) spanning 38.9 kb of genomic DNA. The 

2 5 nucleotide sequence representing SEQ ID NO. 1 has been submitted to the GenBank and has 

the assigned accession no. AY033889. 

EXAMPLE 2. Activity and Km of in Vitro Transcription/Translation Product. 

To verify that the newly cloned cDNA coded for a protein that possessed PAO 
activity, the in vitro TnT wheat germ extract system (Promega) was used. The wheat germ 

3 0 system, rather than the rabbit reticulocyte system, was used because the fluorescent enzyme 

assay used to detect PAO activity is based on H2O2 production by PAO. The rabbit 
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reticulocyte system contains heme, which would result in the Fenton catalysis of HjOj. 
Enzyme activity was determined by the method of Suzuki et al. (16) using spermine as a 
substrate. Spermine was chosen because the acetylated polyamines are no longer available 
from a commercial source. Previous work (11,17) has validated spermine as a PAO 
5 substrate. In the standard fluorescence detection assay, the in vitro produced protein 

demonstrated significant oxidase activity using 250 uM spermine as the substrate (Fig. 3A). 
To verify that the enzyme activity was attributable to PAO and not monoamine or diamine 
oxidases, specific inhibitors of each were included in the indicated reactions. Only the PAO 
inhibitor, MDL 72,527, was effective in inhibiting the human PAOhl protein product. (Fig. 

10 ZB). To ensure equal additions of protein to the assays described above, parallel TnT 

reactions for each condition were prepared by adding an unlabeled amino acid mixture to one 
reaction and an [■'^S]methioninecontaining amino acid mixture to the other. Protein produced 
in this manner yielded a major band of 62 kDa after denaturing PAGE, consistent with the 
expected size of the open reading frame (Fig. 3C). To determine the apparent ^m for the in 

15 vitro produced human PAO, increasing concentrations of spermine were used in the 

calculation of initial velocities of H2O2 production as described above. The initial velocity of 
the reaction was determined for increasing concentrations of spermine ranging from 2.5 to 
250 mM. The apparent ATm of the TnT-produced PAO using spermine as the substrate was 
determined by the Lineweaver/Burke transformation to be ^18 jiM (Fig. 3D), 

2 0 EXAMPLE 3. Effects of BENSpm Treatment on PAO mRNA Expression and Enzyme 
Activity in NCI H157 Cells. 

PAO has frequently been described as a constitutively expressed protein. To test this 
hypothesis, NCI HI 57 cells were exposed to 10 fiM BENSpm for 24 h. This time and 
concentration were chosen because BENSpm has demonstrated the ability to highly induce 

2 5 SSAT in H157 cells and produce H202-related apoptosis (3). BENSpm exposure resulted in 

5-fold increase in PAO message (Fig. AA) and a > 3-fold increase in PAO activity (Fig. 
AE). This significant induction of PAO message and activity in the analogue-treated human 
non-small cell limg carcinoma cells clearly demonstrates that PAO can be up-regulated within 
24, hours in a manner similar to that observed for SSAT. Further, the induction of PAO 

3 0 activity correlates well with the message level, suggesting that the major regulation of PAO 

activity may be at the transcriptional level. This is in contrast to SSAT inductioin, where 
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post-transcriptional regulation play a large role in the regulation of SSAT expression (19, 20). 
EXAMPLE 4. Isoforms and truncations of PAO 

In addition to the isoform of PAO described in Examples 1-3 above, several other 
functional forms of mammalian PAO have been identified: three additional isoforms 
5 (Isoforms 2, 3, & 4, see Figures 5, 6 and 7 respectively), and four truncated (i.e. 
foreshortened) forms, truncations T-1, T-2, T-3 and T-4 (see Figures 8, 9, 10 and 1 1, 
respectively). Each of the sphce variants and truncations were isolated by reverse 
transcriptase/polymerase chain reaction (rt-PCR) techniques. The starting source RNA for 
the truncations were lung tumor cell lines. The various spUce variants were derived both 

10 from normal cell RNA and RNA from limg cancer cell lines. These forms are depicted 
schematically in Figures 5-1 1, in comparison to PAO isoform 1, and the corresponding 
sequences are given in figures as follows: Isoform 2, Figure 15A and B; Isoform 3, Figure 
16A and B; Isoform 4, Figure 17A and B; Truncation T-1, Figure 18A and B; Truncation T-2, 
Figure 19A and B; Truncation T-3, Figure 20A and B; Truncation T-4, Figure 21 A and B. 

15 This example demonstrates that both normal and tumor tissues express a variety of PAO 
variants that possess different kinetic properties. These differences may have both 
therapeutic and disease consequences such as, but not limited to, determining the response of 
the cells to anticancer agents. 

EXAMPLE 5. Induction of PAO expression in various lung cancer cell lines. 

20 To determine if PAO expression is differentially expressed in response to exposure to 

the antitumor polyamine analogues cell lines representative of the major forms of human 
lungs were exposed to 10 |iM BENSpm. The cell lines HI 57, H727, A549, U1752, and 
HI 25 represent non-small lung cancers, and H82 and H889 represent the small cell form of 
human lung cancer. Northern blot analysis was performed using 10 fig of total RNA 

25 hybridized to a radiolabeled pPAOhl cDNA. Figure 1 1 is a radiographic image of the results. 
Figure 12 represents a quantitation of the results relative to the highest induced cell line, 
A549. It should be noted that the non-small cell Ixmg cancers are generally more sensitive to 
the cell killing activity of the antitumor polyamine analogues than are the small cell lung 
cancer (8). This example demonstrates that the cell lines that are the most sensitive to the 

3 0 antitumor polyamine analogue, BENSpm, express the highest level of PAO mRNA. 
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splice variants that code for isoenzymes with different biochemical characteristics 
INTRODUCTION 

3 0 Further investigations of the isoforms discussed in Example 4 were carried out and are 

presented in this example. 
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Interest in polyamine catabolism has increased since its role in determining cellular 
sensitivity to various antitumour polyamine analogues has been acknowledged [1,2]. Until 
recently, the mammalian polyamine catabolic pathway was thought to consist of two 
enzymes, namely a rate-limiting spermidine} spermine N^- acetyltransferase (SSAT) [3] and a 
5 polyamine oxidase (PAO) that preferentially catalyses the oxidation of the A^- 

acetylpolyamines produced by SSAT activity. This oxidation results in the production of 
H2O2, 3-acetamidopropanal, and putrescine or spermidine (Spd), depending on the starting 
substrate [4]. H2O2 production by increased polyamine catabolism in response to specific 
polyamine analogues has been shown to result in cytotoxicity by these agents in specific 

1 0 tumour-cell types, and this cytotoxicity can be attenuated through the use of a specific 

inhibitor [5]. However, studies into the role of polyamine oxidation in mammalian cells have 
been limited by the lack of any verified mammalian PAO clones. Our recent cloning of the 
human PAO gene PAOhl provided the first mammalian PAO clone for study and 
demonstrated the ability of the gene product to catalyse spermine (Spm) oxidation [6]. By 

15 using alternative methods, another group of workers have recently confirmed PAOhl activity 
and have shown that, in their system, this enzyme shows a greater specificity for the native 
polyamine, Spm, as a substrate [7]. These data suggest that this oxidase represents an 
additional enzyme in polyamine catabolism that preferentially utilizes the polyamines as 
substrates. 

2 0 The potential importance of P AOs in anticancer drug response is underscored by the 

finding that PAO is significantly inducible by antitimiour polyamine analogues in a manner 
similar to SSAT [6], suggesting that its activity may play a direct role in cell death via toxic 
H2O2 production. Additionally, polyamine oxidation has recently been identified as a critical 
step in the detoxification of one of the antitumour polyamine analogues, and tumor cells that 

2 5 have low to non-detectable levels of polyamine oxidation capacity are significantly more 

sensitive to the cytotoxic effects of the analogue [8]. 

Here we report the discovery that the human PAOhl gene codes for at least four active 
isoenzymes that result firom alternative splicing of eight exons. The resultant proteins have 
different biochemical characteristics and substrate specificities, and were identified in a 

3 0 variety of tumour and normal cell types. Because of the potential for cell- or tissue-specific 

PAO isoenzyme expression levels, the products of the PAOhl gene may contribute in unique 
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ways to our understanding of polyamine metabolism and antitumour-drug-sensitivity, 
EXPERIMENTAL 

Abbreviations used: A^-AcSpm, iV'-acetylspermine; NSCLC, non-small-cell limg carcinoma; 
(hl)PAO, (human) polyamine oxidase; RT-, reverse transcription ; Spd, spermidine; Spm, 
5 spermine; SSAT, spermidine/spermine A^-acetyltransferase. 

Nucleotide sequences for the PAOh2^ PAOh3 and PAOh4 isoforms of the human polyamine 
oxidase gene {PAOh) have been deposited with the GenBank2, EMBL, DDBJ and GSDB 
Nucleotide Sequence Databases under the accession nvmibers AY033890, AY033891 and 
AF5 19179 respectively. 

1 0 PA O splice variant cloning 

PAO isoforms were isolated using reverse-transcription (RT )-PCR on total RNA from NCI- 
HI 57 non-small-cell lung carcinoma (NSCLC) cells and HEK-293 cells. A himian placenta 
cDNA library was also used as a source for potential splice variants, as previously described 
[6]. PGR products were ligated into the pCR2.1 vector (Invitrogen, Carlsbad, CA, U.S.A.), 

15 sequenced using a PerkinElmer ABI automated DNA sequencer, and analysed by comparison 
with the previously identified human genomic PAO sequence located in GenBank2 
(accession no. AL121675). Novel sequences corresponding to alternative splicing were 
further cloned into the pcDNA3.1 +/- mammalian expression vectors using restriction- 
enzyme digestion and ligation, and proper insertion was confirmed via restriction analysis. 

2 0 These constructs were designated pPAOh2, pPAOh3, and pPAOh4. All restriction and 
modification enzymes were purchased from Invitrogen or New England Biolabs (Beverly, 
MA, U.S.A.). 

In vitro transcription and translation 

For PAO splice variant protein analysis, each cDNA constmct, as well as the pcDNA3.1 

2 5 empty vector, was linearized using NdeL In vitro transcription and translation was 

subsequently performed using the Wheat Germ Extract-TnT coupled system from Promega 
(Madison, WI, U.S.A.) according to the manufacturer's protocol. Reactions were performed in 
parallel, with one aliquot containing [^^SJmethionine in the amino acid mixture for 
subsequent separation and quantification by SDS-PAGE. Labeled reaction products were run 

3 0 on 10%-(w/v)-BisTris gels (Invitrogen) with 20 mM Mops buffer, pH 7.7, as suggested by the 

manufacturer. After drying, bands were visualized and quantified using phosphorimage 
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analysis with Image Quant software from Molecular Dynamics (Sunnyvale, CA, U.S.A.). 
PAO enzyme activity analysis 

TnT products from the reactions using unlabelled substrates were used for PAO enzyme 
analysis by the method of Suzuki et al [9]. Specifically, 10 p.1 of the TnT reaction mixture 
5 was used for each 600^1 of PAO assay sample (in duplicate, and in the presence of 

monoamine and diamine oxidase inhibitors, as previously described [6]). Background oxidase 
activity in the Wheat Germ Extract-TnT reactions was determined for each substrate using the 
empty pcDNA3.1 vector. These values (always< 0.05 pmol/min) were subtracted from the 
oxidase activity measured in TnT lysates produced from vectors containing the individual 
1 0 splice variants. To ensure linearity of the reaction (thereby determining the optimal 

incubation time after substrate addition), time courses were performed for each potential 
isoenzyme in the presence of 1 mM Spm (Sigma, St. Louis, MO, U.S.A.). 
Kinetics of PAO isoenzymes 

Apparent kinetics were examined for each isoenzyme using TnT reaction products as 
15 described above with increasing concentrations of Spm, Spd (Sigma) or TV'-acetylspermine 
(A^-AcSpm; Fluka), Apparent and values were determined using the Lineweaver- 
Burk transformation of the Michaelis-Menten equation. Values were adjusted for TnT 
reaction efficiency by SDS-PAGE quantfication of a [^^S]methionine-labelled aliquot of the 
TnT reaction mixture normalized for methionine content. 
2 0 Specific activities of PAO isoforms 

Specific activities were determined for each isoform with each substrate at 0.25 mM. Specific 
activity was calculated on the basis of band intensity resulting from parallel TnT reactions in 
the presence of [^^S]methionine and normalized according to number of methionine residues 
present in the splice-variant protein sequences. One unit of PAO activity was defined as the 

2 5 ability to produce 1 pmol of H202/min per unit of protein (where 1 unit of protein corresponds 

to one band intensity unit, as determined from Phosphorhnager analysis). 
RESULTS 

Upon sequence comparison with our previously identified PAO isoform 1 (GenBank2 
accession no. AY033889), as well as with the himian genomic PAO sequence (GenBank2 

3 0 accession no. ALl 2 1 675), we confirmed the isolation of three additional splice variants, 

designated PAOh2, PAOh3 and PAOh4, Isoforms 1 and 2 were isolated using the cDNA of a 
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human placental library. PAOh2 was also isolated from the HI 57 NSCLC cell line, as was 
PAOh3, which was also obtained from HEK-293 mRNA. PAOh4 was obtained only from 
HEK-293 mRNA. It should be noted that exon V of PAOhl possesses an internal region that 
can act as an intron, and which is spliced out of exon V of both PAOh2 and PAOh4, resulting 
5 in two smaller exons, designated exons Va and Vb. Also, PAOh4 contains an additional exon, 
Via, which is not present in the other three isoforms. PAOh3 is completely devoid of exons 
rV-VIa, and possesses an open reading frame of only 190 amino acids, which is less than half 
that of the other three splice variants (Figure 22). Surprisingly, many of the amino acids 
missing from PAOh3 correspond to those implicated in FAD cofactor binding in Zea mays 

10 (maize) PAO [10,11]. 

Since the stabilities of the various isoforms could differ, it was first necessary to 
determine the appropriate assay times for each splice variant to ensure measurements were 
made within the linear range. Time-course data using 1 mM Spm as substrate revealed a 
linear production of HjOj by all isoforms for approximately 20 min (results not shown). 

15 Therefore 10 min was chosen as the period of incubation following substrate addition for 
ftirther experiments. 

Relative kinetic analysis performed with TnT reaction products revealed distinct 
kinetic parameters and substrate affinities for each splice variant with Spm, Spd and A^'- 
AcSpm (Figure 23). Apparent andF^ values for each isoform with each substrate were 
2 0 calculated from the Lineweaver-Burk transformation, and are presented in Figure 23. 
Importantly, PAOh4 demonstrated the lowest values for each of the substrates (in the 
nanomolar range), and appeared to have the highest affinity for Spd. In contrast, PAOhl and 
PA0h2 had relatively low affinities for the acetylated polyamine (in the high micromolar 
range). The shortest of the four isoforms, PAOh3, also demonstrated a greater affinity for Spd 

2 5 and Spm than for A^'-AcSpm. Using saturating concentrations of each substrate as apparent 

from Figure 23 (0.25 mM), PAO activity assays were carried out using TnT-produced protein 
that was translated in parallel with an aliquot in the presence of [^^S]methionine. This enabled 
a comparison of specific activities among the splice variants based on the number of 
methionine residues present in the each splice variant (Figure 24). Normalization for 

3 0 methionine content revealed that the shortest isoform, PAOh3, possessed the highest specific 

activities for all three substrates. Consistent with the predicted and values, Spd and 
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A^-AcSpm activities were slightly higher than that of Spm. PAOhl possessed the next highest 
activities for all substrates, followed by PAOh2 and PAOh4, which demonstrated similar 
activities, in spite of the much lower values predicted for PAOh4 (Figure 24). 
DISCUSSION 

5 The catabolism of polyamines has been demonstrated to be associated with the response of 
specific tumor types to several antitumour polyamine analogues [5,12], Further, alterations 
in the enzymes that control polyamine catabolism have been implicated in the progression of 
neoplastic disease [13]. The mechanisms underljdng these observations appeeir to be 
associated with oxidation of polyamines concurrent with the induction of SSAT. The results 

10 presented here demonstrate that each of the four identified splice variants from the PAOhl 
gene are capable of catalysing the oxidation of multiple substrates, including Spd, Spm and 
TV^-AcSpm, suggesting that multiple oxidases coded by a single gene may significantly affect 
polyamine homoeostasis and potential drug response. These results are in contrast with those 
reported by Vujcic et al. [7], who did not obtain evidence of oxidation of any substrate other 

1 5 than Spm following transfection of cells with a constmct homologous with PAOhl . The 
reasons for this variation may be a result of differences in reaction conditions. Specifically, 
the enzyme analyses presented here were performed in borate buffer at pH 9.0. The analyses 
by Vujcic et al. [7] were performed in glycine buffer at pH 9.5. 

Consistent with their results, when glycine buffer was substituted for borate buffer in 

2 0 the system used here, only Spm was efficiently catalysed by any of the splice variants (results 
not shown). Another potential basis for the difference in the observations presented here from 
those of Vujcic et al. [7] may result from the use of a plant system (wheat-germ TnT) to 
produce our protein. This is necessary, since the mammalian rabbit reticulocyte system 
contains heme iron that would prevent the precise measurement of H2O2 produced [6]. The 

2 5 production of protein in the wheatgerm TnT may result in altemate substrate specificity based 

on potential differences in protein folding or a difference in cofactors or post-translational 
modifications between the wheat-germ system and those occurring in the transfected-cell 
system [14], These results are, however, consistent with observations with the PAOs of the 
maize and barley {Hordeum wulgare) plants, which are nearly identical in size with the human 

3 0 PAOhl protein, and which possess a protein domain organization very similar to that of the 

human protein. Both plant proteins are able to use both Spm and Spd as substrates [15,16]. 
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Although the validation of substrate specificity awaits the availability of purified proteins 
representing the individual splice variants, the important finding that each of the splice 
variants codes for active proteins with different kinetic behavior is both valid and significant. 
It should be noted that Vujcic et al. [7] also provided data on two constructs that were 
5 referred to as "splice variants " (GenBank2 accession nos, AK025938 and BC000669), 

neither of which produced oxidase activity in transfected cells. BC000669 corresponds to our 
PAOh2 (GenBank2 accession no. AY033890) with the exception of one amino acid at 
position 16. AK025938 possesses an open reading fi-ame that codes for a polypeptide of 389 
amino acids that does not correspond to any of the splice variants presented here. However, 

10 the open reading fi*ame starts at an AUG codon corresponding to a region within exon 4 of 
PAOhJ, and the original clone has no leader sequence associated with it. Consequently, the 
possibility that this cDNA represents a cloning artifact rather than an actual splice variant 
must be considered. More importantly, no data are provided to confirm that the transfected 
cells actually produce any protein fi-om the constructs. Consequently, the studies indicating 

1 5 the lack of PAO activity in cells transfected with these sequences is currently difficult to 
interpret. 

It is cleeir fi-om our present results that the multiple splice variants are capable of 
catalysing multiple polyamine substrates in the system as reported. Interestingly, the shortest 
splice variant, PAOh3, appears to have the highest ^cat of all the isoforms, and was the most 
2 0 common variant to be detected by the RT-PCR based cloning strategy used. It was isolated 
from the HI 57 and HEK-293 cells presented here, as well as in subsequent studies using 
normal himian lymphocytes, and from DU145 prostate cancer cells. This prevalence of 
PAOh3 is quite possibly the result of higher cloning efficiency of the shorter sequence, but 
the significance that the existence of this isoform does not appear to be cell- or tissue-type- 

2 5 specific should not be overlooked. The values in the micromolar range exhibited by 

PAOh3, as well as by PAOhl and PAOh2, for the native polyamines is certainly within the 
intracellular concentration ranges often predicted, although the free intracellular polyamine 
concentration is difficult to estimate. PAOh4 exhibits Km values in the nanomolar range for 
Spd, Spm and iV'-AcSpm. This result maybe significant, since the amount of acetylated 

3 0 polyamines in the cell is generally low, even with a high induction of SSAT activity. 

However, the ability of A^'-AcSpm to act as a substrate for PAOh4 in situ would depend on 
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the concentration of free Spm and Spd, since they, too, are high-affinity substrates for 
PAOh4. It should be noted that PAOh4 was only obtained from the human embryonal kidney 
cell line. 

It is not clear that any of the isoenzymes studied here is homologous with the animal 
5 PAO reported in the literature prior to our cloning of PAOhl [4,13]. That PAO has been 
defined as a peroxisomal enzyme [17,18]. None of the isoenzymes presented here possesses a 
recognizable peroxisomal signal localization sequence [19]. Consequently, it is possible, as 
suggested by Vujcic et al. [7], that the isoenzymes coded for by the multiple splice variants of 
the PAOhl gene represent an entirely new family of oxidases. 

10 The results presented here demonstrate that the human PAO gene PAOhl codes for 

multiple isoforms with significant activities that are capable of using multiple polyamine 
substrates within physiologically relevant values. The relative expression of these various 
isoforms within the cell and among various cells is currently being investigated. The 
possibiUty that the various PAO isoforms may have a direct role in polyamine homoeostasis 

15 and, more importantly, in drug response to various antitumour polyamine analogues, 

underscores the critical importance of gaining a better understanding of this interesting group 

of enzymes. 
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EXAMPLE 7. Induction of the PAOhl/SMO polyamine oxidase by polyamine 
analogues in human lung carcinoma cells 

Expanded investigations of induction of PAOhl/SNO polyamine oxidase by 
polyamine analogues in human Ixmg carcinoma cells, as discussed in Example 5, were carried 
1 5 out and are presented in this example. 

Introduction 

Based on the ubiquitous requirement of tumor cell growth for polyamines, polyamine 
metabolism has been intensely investigated as a target for antineoplastic therapy [7, 26]. 
Although much work has focused on inhibiting the biosynthesis of polyamines through the 

2 0 rate-limiting biosynthetic enzymes omithine decarboxylase and S-adenosylmethionine [30], 

the development of several antitumor polyamine analogues has resulted in increased interest 
in the regulation of polyamine catabolism [1, 2, 6, 7, 8, 17, 19, 33]. The interest in polyamine 
catabolism increased with the discovery that spermidine/ spermine N^-acetyltransferase 
(SSAT), a rate-limiting step in polyamine catabolism, is associated with the cell type-specific 
25 cytotoxic activity of some polyamine analogues [8, 10, 27, 31]. The increase in SSAT activity 
produces a rapid increase in acetylated polyamines which then become substrates of an 
acetylpolyamine oxidase (PAO) [36, 41]. It was originally hypothesized that HjOj production 
from this last step in the two-step polyamine catabolism was responsible for cytotoxicity in 
some cases [12, 20], However, our recent cloning of a new polyamine oxidase (PAOhl/SMO) 

3 0 that can efficiently use spermine as a substrate, and is inducible by polyamine analogues, has 
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revealed a new and potentially exploitable target in polyamine metabolism [42]. Similar to 
the activity of PAO, PAOhl/SMO results in the production of H2O2, a reactive oxygen 
species that has been directly linked with the phenotype-specific toxicity of specific antitumor 
polyamine analogues [36], In this study the induction of PAOhl/SMO by multiple antitumor 
5 polyamine analogues was examined in multiple lung cancer cell types representative of the 
various phenotypes of human lung cancer to demonstrate that PAOhl/SMO induction, similar 
to the induction of SSAT, is a phenotype-specific response to the analogues [8, 9, 10, 31, 32, 
37]. The results also suggest that, similar to the effects observed with the high induction of 
SSAT, the high induction of PAOhl/SMO may also be linked with analogue-induced 
1 0 cytotoxicity for specific analogues. 
Materials and methods 

Abbreviations: BENSpm N1,N1 l-bis(ethyl)norspermine; CHENSpm Nl-ethyl-Nl 1- 
(cycloheptyl)methyl-4,8, diazaundecane; CPENSpm Nl-ethyl-Nl l-(cyclopropyl) 
methyl-4,8,diazaimdecane; DAO Diamine oxidase; IPENSpm (S)-Nl-(2-methyH-butyl)- 

15 Nl l-ethyl-4,8, diazaundecane; MAO Monoamine oxidase; MDL 72,527 (Nl,N4-bis(2,3- 
butadienyl)-l,4-butanediamine); PAO Acetylpolyamine oxidase; PAOhl/SMO Human 
polyamine oxidase hl/spermine oxidase; SSAT Spermidine/spermine Nl- acetyltransferase 
Chemicals and reagents : N\N**-bis(ethyl)norspermine (BENSpm) was provided by Parke- 
Davis (Ann Arbor, Mich.) and N^-ethyl-N^^-(cyclopropyl) methyl-4,8,diazaimdecane 

2 0 (CPENSpm), N'-ethyl-N*'-(cycloheptyl) methyl-4,8,diazaundecane (CHENSpm), (S)-Nl-(2- 
methyl- l-butyl)-N^*-ethyl-4,8,diazaundecane (IPENSpm), SL-11150, SL-11158, SL-11144, 
and SL-1 1093, and the selective PAOhl/SMO inhibitor MDL 72,527 were synthesized as 
previously reported [3, 4, 34, 35, 39, 44] (Figure 25). Nl-Acetylspermine was purchased fi-om 
Fluka (Buchs, Switzerland). Stock solutions (10 mM) of the various analogues were prepared 

25 in ddH20 and stored at )20°C. Other chemicals were obtained from Sigma Chemical 
Company (St. Louis, Mo.), Invitrogen/Life Technologies (Rockville, Md.), Bio- Rad 
(Hercules, Calif), Aldrich Chemical Company (Milwaukee, Wis.), Hyclone (Logan, Utah), 
and J.T. Baker (Phillipsburg, NJ.)- 

Cell culture and analysis of growth inhibition of human lung cancer cell lines The non-small- 
3 0 cell cancer lines NCI A549 (adenocarcinoma), NCI HI 57 (squamous), NCI H727 (carcinoid), 
NCI HI 25 (adenocarcinoma) and U1752 (squamous), and the small-cell limg carcinoma lines 
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NCI H82 and NCI H889 were cultured as we have previously described [10, 25]. Cells were 
treated for the times and with the concentrations of specific agents as indicated in the Results. 
For cell growth analysis in the presence of the PAOhl/SMO inhibitor MDL 72,527, the MTS 
dye reduction assay CellTiter 96 system fi-om Promega was used according to the supplier's 
5 protocol. In these experiments, NCI A549 cells were seeded at 5 xlO^ cells/well in a 96-well 
microtiter plate and treated for 96 h with 10 jiM of the indicated analogue in the presence or 
absence of 250 MDL 72,527. 
RNA purification and Northern blot analysis 

Total cellular RNA was extracted from the lung cancer cell lines using Trizol reagent 
10 (Invitrogen) according to the manufacturer's protocol. For Northem blotting, total RNA (20 
Ig) was separated on a denaturing 1.5% agarose gel containing 6% formaldehyde and 
transferred to Zetaprobe membrane (Bio-Rad). Random primer- labeled PAOhl cDNA was 
used as probe to estimate PAOhl/ SMO expression [42]. Blots were stripped and reprobed 
with an 18S ribosomal cDNA to provide a loading control. Analysis of polyamine content, 
15 SSAT and PAOhl/SMO activity. Intracellular polyamine concentrations were determined 
using the precolumn dansylation labeling, reverse-phase high-pressure liquid chromatography 
method as described by Kabra et al. [22] using 1,7-diaminoheptane as an internal standard. 
Polyamine concentrations are reported as nanomoles per milligram protein for each sample, 
where lysate protein content was measured by the method of Bradford [5]. SSAT activity of 
2 0 cellular extracts was measured as previously described [8]. The PAOhl/SMO enzyme activity 
in the cell lysates was assayed as previously described [42] by the method of Suzuki et al. 
[38] using 250 |JtM spermine as the substrate. The PAOhl/SMO assays were performed in the 
presence of 1.0 mM pargyline and 0.1 mM semicarbizide as inhibitors of monoamine oxidase 
(MAO) and diamine oxidase (DAO), respectively. 

2 5 Results 

PAOhl/SMO expression in human lung cancer cell lines in response to BENSpm exposure 
BENSpm was chosen for the majority of studies reported here because it is one of the 
polyamine analogues that has been examined clinically [21] and because our initial studies 
indicated that PAOhl/SMO mRNA and PAOhl/SMO activity increases in a non-small-cell 

3 0 lung cancer line after 24 h exposure to 10 LM BENSpm [42]. Therefore we examined the 

ability of BENSpm to induce PAOhl/SMO in seven human lung cancer cell lines that 
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represent the major phenotypes of lung cancer (Figure 26). Five cell lines exhibited modest to 
significant induction of PAOhl/SMO activity (Figure 26), with the adenocarcinoma line NCI 
A549 exhibiting the highest fold induction of PAOhl/SMO activity (about fivefold). It should 
be noted that the basal levels of oxidase activity do not directly reflect the amount of specific 
5 PAOhl/ SMO activity since less than 10% of the basal level is inhibited by MDL 72,527 (see 
below). Consequently, the fold-induction estimates most probably imderestimate the actual 
fold-induction. The observed increases in PAOhl/SMO activity in the individual cell types 
were reflected by similar increases in steady-state PAOhl/ SMO mRNA levels (not shown). 
There was no observed increase in PAOhl/SMO activity or mRNA in the two small-cell lung 

10 cancer lines examined. 

Time- and dose-dependency of analogue-induced PAOhl/SMO activity 
Since the NCI A549 cell line demonstrated the largest induction of PAOhl/SMO activity in 
response to BENSpm treatment, this line was chosen for fiirther testing. CPENSpm treatment 
was also performed since it has also been shown to induce SSAT in a manner similar to 

15 BENSpm in these cells [11]. The effects of increasing time of BENSpm exposure on 

PAOhl/SMO activity were readily observed (Figure 27A) when cells were exposed to 10 ^iM 
BENSpm for 0.5 to 24 h. The activity had increased approximately threefold by 12 h and 
nearly fivefold by 24 h. When NCI A549 cells were exposed to increasing concentrations of 
BENSpm for 24 h, the maximal induction of PAOhl/SMO was observed at 5 |xM with lower 

2 0 activity at higher concentrations (Figure 27B). Nearly identical results were observed when 
cells were exposed to the polyamine analogue CPENSpm, with the exception that 
PAOhl/SMO activity continued to increase at concentrations up to 50 |iM CPENSpm (Figure 
27). The increase in PAOhl/ SMO activity was generally accompanied by an increase in the 
2.4 kb steady-state PAOhl/SMO mRNA (Figure 28). It should be noted that the NCI A549 

2 5 cells readily accumulated both BENSpm and CPENSpm, resulting in a decrease in 

intracellular polyamine pools and an induction of SSAT activity (Table 1). We have 
previously demonstrated that both compounds are cytotoxic to non-small-cell lung cancer 
lines after 96 h exposure to concentrations >1 jiM [7, 11]. 

To determine whether the inhibition of PAOhl/SMO activity could alter the response 

3 0 of NCI A549 cells to BENSpm or CPENSpm, cell growth studies were performed where the 

cells were simultaneously exposed to the analogue and the PAOhl/ SMO inhibitor MDL 
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72,527 and cultured for 96 h (Figure 29). There was a clear decrease in sensitivity to both 
analogues in the presence of the PAOhl/SMO inhibitor. 
Substrate specificity of analogue-induced PAOhl/SMO in NCIA549 cells 
Vujcic et al. have recently reported that in a transfection system using an expression vector 
5 containing virtually the identical sequence we originally identified as PAOhl, the resulting 
lysate could only e.ciently use spermine as a substrate [40]. To determine the substrate 
specificity of the PAOhl/SMO activity induced in the NCI A549 cells, cell lysates from cells 
treated with either 10 |-iM BENSpm or 10 fiM CPENSpm for 24 h were examined for their 
ability to catalyze spermine, spermidine, and N'-acetylspermine (Figure 30). This 

10 concentration was chosen since it has previously been demonstrated to significantly induce 
polyamine catabolism through SSAT and because it is an attainable concentration of 
BENSpm in the clinical setting [9, 21]. The results clearly indicated that only spermine was a 
substrate for the inducible PAOhl/SMO activity in the NCI A549 lysates. 
Induction of PAOhl/SMO by polyamine analogues is structure dependent 

15 To determine the basic structural requirements of PAOhl/SMO induction in NCI A549 cells, 
the ability of eight polyamine analogues that are undergoing or are being considered for 
clinical trials were examined for their ability to induce PAOhl/SMO activity. The 
symmetrically substituted BENSpm, and the asymmetrically substituted CPENSpm, 
CHENSpm, and IPENSpm led to significant induction of PAOhl/SMO after 24 h exposure to 

2 0 1 0 M.M of each analogue (Figure 3 1 ). The oUgoamine analogues, SLIL 1 1 1 44, 1 1 1 50, 1 1 1 58, 
and the conformationally restricted analogue, SLEL 1 1093, did not induce PAOhl/SMO. The 
results of these studies suggest that one stmctural requirement for PAOhl/ SMO induction is 
the presence of multiple aminopropyl moieties within the analogue structure. It is also 
important to note that the polyamine oxidase inhibitor MDL 72,527 significantly inhibited the 

2 5 PAOhl/SMO activity induced by the analogues, but did not significantly reduce the basal 
levels of oxidase activity. These data are consistent with the possibility that there is a basal 
oxidase activity in the NCI A549 cells that is not inducible by polyamine analogues and is not 
inhibited by PAOhl/SMO, MAO, or DAO inhibitors. 
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Table 1 . Effects of 24-h analogue treatment of NCI A549 cells on polyamine pools, 

PAOhl/SMO and SSAT activities. 



Treatment 


Polyamine (nmol/mg protein) 


Analogue 
(nmol/mg 
protein) 


PAOhl/SMO 
(pmol H2O2 
/mg/h) 


SSAT (pmol 
N'-acetyl- 
spermidine/mg 
proiein/min ) 




Putrescine 


Spermidine 


Spermine 








None 


2.1±0.7 


26.9±1.2 


9.9±1.2 


"k.T / A 

N/A 


6,390 
±2,070 


5±0.1 


10|jM 
BENSpm 


<0.05 


1.2±0.8 


1.2±0.3 


49.4± 9.8 


16,100 
±780 


5590 
±517.7 


CPENSpm 


<0.05 


5.5±0.2 


2.4±0.4 


17.8±1.4 


14,300 
±3,700 


1190 
±287.9 



Values are means±SE, four experiments in duplicate for the polyamines, and four 
1 0 experiments in triplicate for PAOhl/SMO and SSAT (SSAT 
spermidine/spermine Nl-acetyltransferase) 

Discussion 

The role of polyamine catabolism in response to antitumor polyamine analogues and other 
agents has become an intense area of investigation based on the discovery that it is, in some 

1 5 instances, causally associated with the cell type-specific cytotoxicity of these agents [12, 20, 
24, 29], However, the study of polyamine catabolism in mammalian cells had previously been 
limited since no mammalian polyamine oxidases had been cloned. Our laboratory helped fill 
this deficiency by providing the first clone of a human polyamine oxidase (PAOhl) that could 
readily use spermine as a substrate [42]. Here data are presented which demonstrate that this 

2 0 newly characterized enzyme is inducible in a tumor cell type-specific and agent-specific 
manner. These results suggest that PAOhl/SMO activity can have an effect on tumor cell 
response to specific antitumor polyamine analogues. Similar to results observed with 
analogue-induction of SSAT, the non-small-cell Ixmg cancer phenotypes responded to 
analogue exposure with a higher induction of PAOhl/SMO than did the small-cell lung 

2 5 cancer phenotypes. However, it should be noted that unlike SSAT, which is most highly 
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expressed in the non-small cell lung cancer line NCI HI 57, PAOhl/SMO was found to be 
most highly expressed in the adenocarcinoma cell line NCI A549, at the levels of both mRNA 
(Fig. 26) and activity [10]. The results indicating that PAOhl/SMO is an inducible enzyme 
are significant since previous data suggest that the oxidation of polyamines is limited by the 
5 availability of acetylated substrate [36]. However, in the NCI A549 cells the inducible 
PAOhl/SMO activity clearly preferred spermine as the substrate, and was not significantly 
active on either Nl-acetylspermine or spermidine (Figure 30). Additionally, preliminary 
studies demonstrated that induction of PAOhl/SMO activity by the polyamine analogues 
occurs in a phenotype-specific manner in a number of human tumor cell types including 

10 breast, prostate and colon cancer cell lines [16]. These results are consistent with those 
recently reported by Vujcic et al. [40] who used a transfection model to demonstrate a 
spermine preference by an essentially identical clone (identified as SMO by Vujcic et al.) to 
the PAOhlhl clone we originally reported. It is important to note that during the preparation 
of this report, Vujcic et al. [41] reported the identification of a mammalian oxidase that 

15 preferentially oxidizes acetylated polyamines. It should also be stressed that multiple splice 
variants of PAOhl have been identified and each appears to possess different kinetic 
properties [28]. However, more study is necessary to determine the spectrum of expression of 
these splice variants in normal and tumor cells in order to determine the extent of their 
physiological relevance. Each of the key enzymes in polyamine metabolism has been 

2 0 demonstrated to be regulated at multiple levels [26, 30]. SSAT is known to be significantly 
post-transcriptionally regulated. The levels of SSAT protein induced by polyamine analogues 
are often in excess of those expected by observed increases in SSAT mRNA [13, 14, 15, 18]. 
Interestingly, in the case of PAOhl/ SMO, the increase in steady-state PAOhl/SMO mRNA 
closely parallels the observed increase in PAOhl/SMO activity. This parallel increase in 

2 5 message and activity was seen in both the time- and dose-dependent studies. 

These results suggest that PAOhl/SMO may be primarily regulated by changes in 
mRNA levels; however, formal transcriptional studies will have to be performed to determine 
if transcription is the key regulatory step. The induction of PAOhl/SMO in A549 cells 
appears to be agent-specific. Interestingly, the agents that were demonstrated to be the best 

3 0 inducers of SSAT (BENSpm, CPENSpm, etc.) also, with one exception, appear to be the best 

inducers of PAOhl/SMO [7]. The one exception is CHENSpm, which did not significantly 
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induce SSAT in most cell types, but clearly was an effective inducer of PAOhl/SMO in the 
A549 cells. It should be noted that CHENSpm has been shown to be a substrate of a 
polyamine oxidase activity in CHO cells [23]. However, it is likely that this oxidase activity 
is the classical acetylpolyamine oxidase PAO recently cloned by Vujcic et al. [40] and not 
5 PAOhl/SMO activity. Importantly, Wang et al. [43] have demonstrated that none of the 
analogues used in this study is an effective substrate for purified PAOhl/SMO. 

The small number of conformationally restricted and oligoamine analogues used in 
this study did not demonstrate an ability to induce PAOhl/SMO. Based on these data, it 
appears that the presence of three-carbon bridges between nitrogens as exist in BENSpm and 

10 CPENSpm are critical to PAOhl/SMO induction. These results, although derived from only a 
small number of analogues, are significant since there is increasing interest in the 
development of antitumor polyamine analogues and because the oxidation of polyamines can 
play a significant role in determining the relative sensitivity of particular tumor types to the 
analogues. This role is particularly evident in the studies demonstrating that the inhibition of 

15 PAOhl/SMO activity by MDL 72,527 significantly alters the dose response of NCI A549 in 
response to both BENSpm and CPENSpm requiring greater concentration of analogue to 
produce the growth effects. However, it is important to note that the concentration of MDL 
72,527 used here did not adversely affect the growth of NCI A549 cells. It should also be 
emphasized that these oligoamines and conformationally restricted analogues have 

2 0 demonstrated significant in vitro activity against human prostate and breast cancer cells [34, 
35] and in our lung cancer cell panel (unpublished observations). Therefore, PAOhl/SMO 
induction may be one component of specific analogue toxicity, but it is clearly not a 
requirement for all analogue activity. 

Polyamine metabolism continues to be a focus of promising antineoplastic drug 

2 5 development. The recent discovery of a new enzyme in the polyamine catabolic pathway that 

produces H2O2, a mediator of toxicity that has been directly linked to tumor cell response, 
provides yet another potentially exploitable target. Although further study is required to 
determine the full potential of drug-induced modulation of PAOhl/SMO, the current results 
present an important start in understanding the role of PAOhl/SMO in de.ning tumor 

3 0 sensitivity to specific agents. 
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EXAMPLE 8. Properties of purified recombinant human polyamine oxidase, 
PAOiil/SMO 

The polyamine metabolic pathway has been identified as a rational target for 
antineoplastic therapy [1-5], It has been demonstrated that polyamine catabolism and the 
5 production of H2O2 through the oxidation of polyamines likely contribute to the cellular 
response to specific antitumor polyamine analogues. Consequently, interest in the potential of 
exploiting polyamine catabolism for therapeutic advantage has increased [6,7]. A 
considerable body of work has accumulated studying one rate-limiting enzyme in polyamine 
catabolism, spermidine/spermine N^-acetyltransferase (SSAT) [8]. This enzyme is highly 

10 inducible by several antitxmior polyamine analogues and has been linked to their cj^otoxic 
activity [6,9-15]. A second step in polyamine catabolism is the oxidation of the acetylated 
polyamines by the action of a previously described FAD-dependent oxidase, polyamine 
oxidase (PAO), whose activity is generally limited by the availability of the acetylated 
substrate [16-19]. However, until very recently the role of polyamine oxidation in 

15 mammalian cells has been limited, since no verified animal polyamine oxidase had been 
cloned. We previously reported the cloning and preliminary characterization of a hvunan, 
FAD-dependent, polyamine oxidase (PAOhl/SMO) that is highly inducible by specific 
antitumor polyamine analogues and can efficiently use spermine as a substrate [20], We have 
also recently demonstrated using in vitro TnT produced proteins that this protein is capable of 

2 0 using N'-acetylspermine as a substrate [21]. Vujcic et al. subsequently reported similar results 
using a mammalian cell transfection model with a cDNA construct referred to as spermine 
oxidase (SMO, the same sequence we originally reported as PAOhl). In these studies lysates 
firom transfected cells demonstrated an oxidase activity that preferentially oxidized spermine 
[22]. However, fiirther detailed study of human PAOhl/SMO has been limited since only in 

2 5 vitro TnT produced protein or mammalian transfection systems have been available. 

Therefore, to provide a source of readily available protein for further study, we have produced 
purified human recombinant PAOhl/SMO corresponding to the clone that we originally 
described [20] and initial characterization has been performed. Here, substrate specificity and 
sensitivity to inhibitors are examined. The results demonstrate that purified PAOhl/SMO 

3 0 codes for a protein that efficiently oxidizes spermine, less efficiently oxidizes N'- 

acetylspermine, but does not use spermidine as a substrate. Additionally, a potent class of 
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inhibitors of PAOhl/SMO is identified. The overall data support the hypothesis that 
PAOhl/SMO represents a new polyamine catabolic enzyme that affects polyamine 
homeostasis and has the potential to act as a determinant of cellular sensitivity to the 
antitumor polyamine analogues. 
5 Materials and methods 

Abbreviations: PAOhl/SMO, human polyamine oxidase hl/spermine oxidase; SSAT, 
spermidine/spermine N*-acetyltransferase; BEN Spm, N^N^*-bis(ethyl)norspemine; 
CPENSpm, N^-ethyl-N^^-(cyclopropyl) methyl-4,8,diazaundecane; CHENSpm, N*-ethyl-N*^- 
(cycloheptyl) methyl-4,8,diazaundecane; LPENSpm, (S)-N*-(2-methyl-l -butyl)- N*^-ethyl- 

1 0 4,8,diazaundecane;MDL 72,527, (Nl ,N4-bis(2,3-butadienyl)-l ,4-butanediamine). 

Chemicals. N\N*^-bis(ethyl)norspermine (BENSpm) was provided by Parke-Davis (Ann 
Arbor, MI). N^-ethyl-N''-(cyclopropyl)methyl- 4,8, diazaundecane (CPENSpm), N^-ethyl- 
N'^- (cycloheptyl)methyl-4,8, diazaundecane (CHENSpm), (S)-Nl-(2-methyl-l-butyl)- 
4,8,diazaundecane (IPENSpm), SL-1 1093, SL-1 1 144, SL-1 1 150, SL-1 1 158, and the selective 

15 PAO inhibitor N*,N'*-bis(2,3-butadienyl)-l,4-butanediamine (MDL 72,527) were synthesized 
as previously reported [23-27] (Figure 32). Spermine, spermidine, and luminol were 
purchased fi-om Sigma Chemical (St. Louis, MO). Nl-acetylspermine was purchased from 
Fluka (Switzerland). Horseradish peroxidase was from Roche Molecular Biochemicals 
(Lidianapolis, IN). Restriction and DNA modifying enzymes were purchcised from New 

2 0 England Biolabs (Beverly, MA), Livitrogen (Carlsbad, CA) and Sigma. Invitrogen 

synthesized custom oligomers used in the experiments. Other chemicals came from Sigma, 
Bio-Rad (Hercules, CA), and J.T. Baker (Phillipsburg, NJ). 

Construction of the bacterial expression vector. A 1702 bp fragment of the PAOhl cDNA 
was produced by PCR using the primer pairs 
25 50- TCGGCGCCATATGCAAAGTTGTGAATCCAGT-30 (SEQ ID NO: 31) and 
50-ATTACTCGAGAGTTAGTGGCTCTTCTCAGCA-30 (SEQ ID NO: 32), and the 
pCR2.1/PAOhl [20] plasmid as the template. The resultant PCR product was digested by 
Ndel and Xhol (underlined sequences in primers) and cloned into the His-tagged pET15b 
bacterial expression vector (Novagen, Madison, WI) in the same restriction sites, resulting in 

3 0 the bacterial expression vector pETl 5b/PAOhl/SMO. 

Expression and Purification of PAOhl/SMO. The pET15b/PAOhl/ SMO plasmid was used 
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to transform the BI^^(pE^) strain of Escherichia coli (Novagen) and transformed cells were 
selected on LB agar with 50 |-ig/ml ampicillin. The expression of PAOhl/SMO protein was 
induced in LB mediimi by the addition of ImM IPTG for 3 h at 37 Cell lysates were 
prepared imder denaturing conditions with 8M urea and PAOhl/SMO protein was purified 
5 firom the lysate by Ni-NTA resin according to the manufacturer's protocol (Qiagen, Valencia, 
CA). The resulting denatured protein was renatured in buffers containing decreasing 
concentrations of urea (5M urea, 4 h; 2.5M urea, 4 h; IM urea, 12 h; and OM urea, 12 h) and 
50mM Tris-HCl, pH 7.5, 250mM NaCl, O.lmM EDTA, ImM DTT, and 0.2|JiM flavin 
adenine dinucleotide (FAD). 

1 0 Determination of PAO enzyme activity. PAO activity of the purified PAOhl/SMO was 
assayed using a modi.cation of the chemiluminesence analysis reported by Fernandez et al. 
[28] and Rogers, et al. [29]. Briefly, luminol-dependent chemiluminescence was determined 
using a Monolight 3010 luminometer with two reagent injectors. Luminol was prepared as a 
lOOmM stock solution in DMSO and diluted to 100 |iM with HjO, immediately prior to use. 

15 Purified PAOhl/SMO was assayed in a lOOmM glycine buffer, pH 8.0, 5 r|mol luminol, 20 
|jig horseradish peroxidase, and the polyamine substrate as indicated. All reagents with the 
exception of the polyamine substrate were combined and incubated for 2 min at 37 °C, then 
the tube was transferred to the luminometer, substrate was added, and the resulting 
chemiluminescence was integrated over 20 s. The integral values are calibrated against 

20 standards containing knoAvn concentrations of HjOj and the activities are expressed as pmols 
HjOj/mg protein/min. Where indicated, inhibitors were added at the specified concentrations 
prior to the addition of substrate, K„ and V^a^ values for the purified enzyme with the 
indicated substrate were estimated using Lineweaver-Burk transformation of the 
Michaelis-Menten kinetic equation. 

25 Results 

Expression of PAOhl /SMO in E. coli cells 

High level expression of PAOhl/SMO was obtained fi-om pET15b/PAOhl/SMO transformed 
BL2JDE3 E. coli cells after induction with ImM IPTG for 3 h at 37°C, and was clearly 
observed as the predicted kDa band by SDS-PAGE analysis when cell lysates were 
3 0 prepared under denaturing conditions (not shown). However, xmder non-denaturing 

conditions the most newly synthesized PAOhl/SMO protein was found to be insoluble and 
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presumably located in inclusion bodies. Therefore, protein was first purified fi-om the cell 
lysate under denaturing conditions, using the Ni-NTA column and renatured by dialysis 
against decreasing concentrations of urea. The renatured enzyme was then assayed for 
enzyme activity. 
5 Enzyme activity of purified PAOhl/SMO 

To determine the substrate specificity of PAOhl/ SMO under standard reaction conditions, 
250 spermine, spermidine, and N^-acetylspermine were analyzed for their ability to serve 
as substrates (Figure 33 A), PAOhl/SMO was found to efficiently oxidize spermine. 
However, PAOhl/SMO was less efficient in oxidizing N^-acetylspermine. No PAOhl/SMO 

10 activity was observed when spermidine was used as the substrate (Figure 33 A). Note that 
oxidation of spermine by purified PAOhl/ SMO was inhibited >95% by 250 [iM MDL 
72,527, an inhibitor of polyamine oxidase (Fig. 3). and V^^^ of purified PAOhl/SMO 
protein. To determine the apparent and V^n^x values for the purified PAOhl/SMO protein, 
increasing concentrations of spermine ranging fi-om 1 to 100 nM were used to calculate the 

15 initial velocities of substrate oxidation. The K„ and V^^x values of purified PAOhl/SMO on 
spermine were determined by Lineweaver-Burk transformation to be 1.63 jiM and 7.72 
|imol/mg protein/min, respectively. However, when N^-acetylspermine was used as substrate 
PAOhl/SMO demonstrated a lower affiiity (K^ = 51|iM) as well as a lower maximum 
velocity (V^^x ^ 0.25iimol/mg protein/min). 

2 0 Polyamine analogues do not serve as substrates for PAOhl/SMO 

There is evidence to suggest that some antitumor polyamine analogues are substrates for 
cellular oxidases, including PAO [30,31]. Therefore the ability of purified PAOhl/SMO to 
oxidize various antitimior polyamine analogues that are in or are being considered for cUnical 
trials was examined. The symmetrically substituted BENSpm, and the unsymmetrically 
25 substituted CPENSpm, CHENSpm, and IPENSpm, the oligamines, SL-1 1 144, SL-1 1 150, and 
SL-1 1 156, and the conformationally restricted analogue, SL-1 1093, were incubated at a 
concentration of 250 |iM with purified PAOhl/SMO. At this concentration, none of the 
analogues examined were foimd to be oxidized by PAOhl/SMO (not shown). 
Inhibition of PAOhl/SMO activity by polyamine analogues 

3 0 MDL 72, 527 was originally designed as a specific inhibitor of PAO, the enzyme that prefers 

acetylated polyamines as its substrate [18,27]. However, it has clearly been demonstrated to 
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effectively inhibit PAOhl/ SMO activity at the concentration of 250 [iM [19,20]. The 
unsymmetrically substituted polyamine analogue CHENSpm has been implicated as an 
inhibitor of the maize plant PAO in vitro [32]. Since oxidation of polyamines appears to be a 
mediator of specific analogue cytotoxicity and is significantly induced by specific antitumor 
5 polyamine analogues, the determination of which analogues act as inhibitors of PAOhl /SMO 
may be instructive with regard to understanding the mechanism of action of the individual 
analogues. Initially, to determine if any of the above analogues act as inhibitors of purified 
PAOhl/SMO activity (Figure 33B), lOfiM of each was examined for its ability to inhibit the 
oxidation of spermine (250 |iM). Of the 8 analogues examined, 3 were found to be potent 

10 inhibitors of the purified PAOhl/SMO enzyme. These 3 analogues, SL- 1 1 144, SL-1 1 150, 
and SL-1 1 158, were then compared to CHENSpm, which has been implicated in the 
inhibition of the maize PAO [32], and to MDL 72,527. hicreasing concentrations of each 
inhibitor were incubated in the presence of the purified enzyme. The results of these 
inhibition studies (Figure 34) clearly demonstrate that SL-1 1 144, SL-1 1 150, and SL-1 1 158 

15 are potent inhibitors of PAOhl/SMO activity, with SL- 1 1 144 and SL-1 1 150 demonstrating 
an IC50 < 0:11M. SL-1 1 144 and SM 1150 were 100 times more potent than MDL 72,527 
which demonstrated an IC50 of -lOfiM. CHENSpm weis not found to profoundly inhibit 
PAOhl/SMO activity within the range of concentrations tested. 
Discussion 

2 0 The modulation of polyamine catabolism has emerged as a potential target for 

antineoplastic intervention [6,7,14,19,20,22,33-35]. The oxidation of polyamines and their 
acetylated derivatives produces the diffusible reactive oxygen species, HjOj, whose 
production has been linked to the cytotoxic activity of specific antitumor polyamine 
analogues [6,7]. We recently cloned and preliminarily characterized a human gene that codes 

2 5 for the first identified mammalian polyamine oxidase, PAOhl/SMO [20]. Our initial 

enzymatic characterization of PAOhl/SMO was performed using protein products produced 
in a wheat germ linked transcription/translation (TnT) system, and demonstrated that the 
enzyme can efficiently catalyze the oxidation of spermine [20]. Subsequent studies using the 
same TnT system also indicated that PAOhl/SMO can oxidize spermidine and N^- 

3 0 acetylspermine [36]. These results were in contrast to those reported by Vujcic et al. [22] who 

found that lysates from human cells transfected with a PAOhl/SMO expression construct 
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could only efficiently oxidize spermine. The production of purified, recombinant 
PAOhl/SMO reported here has allowed us to directly address this apparent contradiction. 

The purified recombinant PAOhl/SMO protein reported here has an apparent 
molecular weight of 64 kd. The fact that the E, coli produced protein exhibits a high specific 
5 activity indicates that extensive posttranslational modification is not required for activity. The 
substrate specificity exhibited by the purified protein is consistent with that observed by 
Vujcic et al. [19,22] and implicated by the findings of Niiranen et al. [37]. The purified 
protein readily uses spermine as a substrate, as well as N*-acetylspermine. However, N^- 
acetylspermine is a much poorer substrate for the enzyme than is spermine and the purified 

10 enzyme does not oxidize spermidine. The basis for the observed differences in substrate 
specificity as compared to our TnT produced protein is not immediately clear. A potential 
basis for the difference in the observations with the purified protein and the protein produced 
in the wheat germ TnT system may be a result of differences in protein folding or a difference 
in co-factors or post-translational modifications between the wheat germ system and 

15 PAOhl/SMO produced in E, coli [38]. The results with the protein produced in the wheat 
germ TnT system are, however, consistent with observations with the polyamine oxidases of 
the maize and barley plants, which are nearly identical in size to the human PAOhl/SMO 
protein, and possess protein domain organization very similar to the human protein. Both 
plant proteins are able to use both spermine and spermidine as substrates [39,40]. However, 

2 0 the plant enzymes do not oxidize spermine to spermidine but instead oxidize spermine to 1,3- 
diaminopropane, HjOj, and 3-(aminopropyl)- 4-aminobutyraldehyde. Similarly, the plant 
enzymes oxidize spermidine to 1,3-diaminopropane, HjOj, and 4-aminobutyraldehyde [32]. 

It should be noted that the hmnan PAOhl/SMO gene codes for multiple splice 
variants that demonstrate significant activity using spermidine, spermine, and N^- 

2 5 acetylspermine as substrates when protein is produced in the wheat germ TnT system [36]. 

However, the PAOhl/ SMO splice variant designated isoform 1 in Murray- Stewart et al. [36] 
and identical to the splice variant used to produce the purified protein here clearly behaves 
differently depending on whether it is produced in the TnT system or in the recombinant 
bacterial system as reported here. Therefore, it will be necessary to examine the substrate 

3 0 specificity of each of the isozymes coded by the various PAOhl/SMO splice variants once 

each is available in purified form. 
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At the start of these studies it was not clear if PAOhl/ SMO represented a new 
polyamine catabohc enzyme. However, based on the results of Vujcic et al. [22] and the data 
produced with the purified enzymes as reported here, it is most likely that PAOhl/SMO does 
represent a previously xmrecognized mammaUan enzyme capable of oxidizing spermine. 
5 Supporting this probability is the very recent report by Porter and colleagues [19] who present 
convincing data defining the sequence and activity of a classical PAO that uses the N'- 
acetylated polyamines as its preferred substrate [16-18]. Polyamine oxidation has been 
implicated in the metabolism of various antitumor polyamine analogues [30,31,41]. However, 
none of the analogues tested here were found to be substrates for the purified PAOhl/SMO, 
1 0 indicating that this isoform is not responsible for the metabohsm of these representative 
analogues. These results are entirely consistent with those of Vujcic et al. [19] using similar 
compounds. 

Interestingly, three of the analogues examined were determined to be potent inhibitors 
of PAOhl/SMO. SL- 1 1 144, SL-1 1 1 50, and SL-1 1 1 58 each was capable of inhibiting 

15 PAOhl/SMO >90% at concentrations less than 1 |iM. Additionally, each of these compounds 
was significantly more potent than MDL 72, 527 that was originally synthesized as a specific 
PAO inhibitor [27]. CHENSpm has been reported to be an inhibitor of the maize PAO [32]. 
However, it appears to be a poor inhibitor of the human enzyme, only inhibiting PAOhl/ 
SMO activity <20% at lOjiM. The discovery of potent inhibitors of PAOhl/SMO should be 

2 0 helpful in dissecting the role of its oxidase activity in both polyamine homeostasis and in 
determining the sensitivity to various polyamine analogues. 

Since one of the products of polyamine catabolism is HjOj, the potential for a tumor- 
specific drug-induced increase in polyamine catabolism is an intriguing possibility that is 
actively being pursued as an antineoplastic strategy. Until recently, polyamine catabolism was 

2 5 thought to be solely under the control of the rate-limiting activity of SSAT. However, the 
newest data clearly indicate that this pathway is much more complex than that originally 
hypothesized. We and others have demonstrated that the PAOhl/SMO activity is inducible by 
specific antitumor polyamine analogues [19,20,42], This increase in activity and subsequent 
production of H2O2 may play an active role in determining cellular sensitivity to these agents 

30 as it has been suggested [6,7]. Porter and colleagues have recently presented data indicating 
that the classical PAO is also an inducible enzyme in specific instances, further implicating a 
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complex regulation of catabolism [19]. The availability of a purified PAOhl/ SMO protein 
will now allow the detailed study of an enzyme whose activity may be critical to both 
polyamine homeostasis in normal cells and an important determinant of tumor cell response 
to agents that alter polyamine metabolism. 
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EXAMPLE 9. Susceptibility to antitumor polyamine analogues. 

Recent data indicate that the expression of human PAOhl/SMO polyamine oxidase is 
functionally associated with the cytotoxic response of timior cells to specific antitumor 
polyamine analogues that induce its expression. Specifically, the production of HjOj and 3- 
5 aminopropanal by PAOhl/SMO are cytotoxic when produced acutely in high amoimts as is 
the case when PAOhl/SMO activity is induced by the specific analogues. Therefore, the 
detection of the expression of the oxidase (or splice variants thereof) before and/or afler 
exposure to an antitumor polyamine analogue can be of significant prognostic and diagnostic 
value. For example, cells from a tumor or a tumor type (e.g. prostate cancer cells) are tested 

1 0 in vitro to see if they respond to treatment with a specific antitumor polyamine analogue by 
producing PAOhl/SMO polyamine oxidase (or a splice variant thereof). If PAOhl/SMO is 
detected at greater than normal levels, then it is predicted that the tumor or tumor type will 
respond favorably to treatment with the analog, i.e. the treatment will be effective in killing 
the tumor cells and is thus appropriate. Conversely, if induction of PAOhl/SMO is not 

15 detected, then an alternative analog or treatment should be considered. Altematively, tumor 
cells may be sampled before and/or after treatment with an analog to ascertain the extent of 
induction of PAOhl/SMO, for the purpose of, for example, monitoring the course of 
treatment, or optimiziing the dose of analog, etc. 

Such detection may be carried out, for example, by detecting the oxidase protein 

2 0 directly (e.g. with antibodies, or through measurement of oxidase activity, etc.) or by 

detecting the associated mRNA (e.g. via real time PGR, standard PGR, Northern analysis, or 
RNAse protection, etc.). 

Antibody: Based on the use of RNA and protein synthesis inhibitors, the induction of 
PAOhl/SMO activity in response to analogue exposure appears to be the result of new 

2 5 mRNA synthesis followed by newly synthesized protein. Additionally, there is no evidence 

of significant post translational regulation of PAOhl/SMO protein. Consequently there is an 
apparent direct correlation between protein amount and enzyme activity. This result is 
identical to that observed with another polyamine catabolic enzyme, spermidine/spermine N'- 
acetyltransferase (SSAT). Therefore, as has been previously demonstrated for SSAT, the 

3 0 development of a specific antisera that recognizes PAOhl/SMO protein will be an invaluable 

tool for the prognostic and diagnostic evaluation of tumor response to the antitumor 
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polyamine analogues. Toward this end we have proceeded to develop specific antisera to 
PAOhl/SMO. It should be noted that the recombinant human PAOhl/SMO protein is not an 
effective immunogenic protein in rabbits. Therefore we have developed peptides based on 
the Kyte-Doolittle method for calculating hydrophilicity. The sequences chosen (HjN- 
5 EEPRGGRWDEDEQ-COOH [SEQ ID NO: 31] and HjN-EEX^lNRIRNDPDD-COOH [SEQ 
ID NO:32]) are predicted to have the greatest immunogenicity based on there hydrophilic 
character. Initial immunoprecipitation testing of the antisera from immimized rabbits 
indicates that the antisera are capable of recognizing the recombinant human PAOhl/SMO 
protein. Analogue treated tissues and cells may be analyzed by, for example, 

10 immunohistochemical and Westem analysis using such anti-PAOhl/SMO antibodies. 
Real Time PCR: Since the current data indicate that the major level of regulation of 
PAOhl/SMO induction occurs at the level of increased mRNA, the potential exists to 
measure tissue response to antitimior polyamine analogue exposure by measuring the amount 
of PAOhl/SMO mRNA induced. One of the most sensitive and quantifiable methods 

15 available is real time PCR. Primers have been developed that can be used to quantitatively 
identify all four of the major human PAOhl gene splice variants (Table 2 and Figures 35 and 
36). The ability to individually quantify the expression of each splice variant may be 
important in the event that particular splice variants are linked either to disease etiology or 
drug response. 

2 0 The methods of the present invention may thus be used to detect expression of 

PAOhl/SMO oxidase. In order to be considered significant, the amount of PAOhl/SMO 
oxidase expression that is detected will be at least in the range of from about 1.5 to about 20 
or more times greater (or lower) than basal expression of the enzyme, or of basal expression 
of the splice variant. By "basal expression of the enzyme" we mean the level of expression 

25 typically detected in healthy, disease-free individuals. Those of skill in the art are familiar 
with the establishment of such base-line levels of expression of a biological product in order 
to provide a standard for comparison for diagnostic/prognostic purposes. 
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Table 2. Real time PGR primers for human PAO/SMO 



PAOhl 




RTl-for: 


5' GAT CCC GGC GGA CCA TOT GAT TGT G 3' (SEQ ED NO: 33) 


P203: 


5' CTC AGG CGG GTA GAG GAC ATC AAA 3' (SEQ ID NO: 34) 


PAOh2 




RT2-for: 


5* GCC CCG GGG TGT GCT AAA GAG 3' (SEQ ID NO: 35) 


RT2b-rev: 


5' CCT GCA TGG GCG CTG TCT TTG 3' (SEQ ID NO: 36) 






PAOh3: 




RT3-for: 


5' CGC AGS CTT ACT TCC CCG GCT CAG 3' (SEQ ID NO: 37) 


RT3-rev: 


5' CTG CAT GGG CTC GTT GTA TAA ATC 3' (SEQ ID NO: 38) 






POOh4: 




RT4-for: 


5' GGA TGC TAA CAG GGG CGC CGT AAA 3' (SEQ ID NO: 39) 


RT4-rev: 


5' GCA GAG CAC CGT GGG TGG TGG AAT A 3' (SEQ ID NO: 40) 



EXAMPLE 10. Transgenic mice 

15 Emerging data indicate that oxidative stress and etiology of specific cancers, including 

prostate cancer, are closely linked. The prostate represents the human tissue with the highest 
intracellular concentration of spermine, the preferred substrate for PAOhl /SMO. If there 
were inappropriate expression of this enzyme over the lifetime of an individual, the resultant 
exposure to the products of PAOhl/SMO activity, H2O2 and 3-aminopropanal, might be 

2 0 expected to produce genotypic changes known to be associated with the etiology of cancer. 
Currently, the only mouse model for spontaneous prostate cancer is the TRAMP model that 
uses the over expression of SV40 large T-antigen under the control of the prostate specific 
probasin (androgen regulated) promoter. Although this model has been extremely useful and 
instructive, the molecular mechanisms leading to the disease in this transgenic model does 

2 5 not in any way resemble the actually etiology of human prostate cancer. In an attempt to 
remedy this, we have created transgenic mice that express PAOhl/SMO under control of the 
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same prostate-specific probasin promoter. Mice expressing high levels of PAOhl/SMO may 
undergo preneoplastic and neoplastic changes that are more typical of the changes that occur 
in the development of himian disease. During the 2 year life span of the mice, they may 
develop prostatic intraepithelial neoplasia (PIN). This model will be much more useful and 
5 instructive that the currently available TRAMP mouse model, both with respect to 

understanding the origins of human prostate cancer and as a model to test chemopreventive 
strategies (see immediately below). 

The present invention thus encompasses a transgenic non-human animal that 
expresses PAOhl/SMO either inducibly or constitutively. In a preferred embodiment of the 

1 0 present invention, the transgenic animal is a mouse. The techniques used in the development 
of transgenic animals such as mice are well known to those of skill in the art. There are a 
number of methods to introduce the exogenous DNA into the germ line of an animal. One 
method is by microinjection of the gene construct into the pronucleus of an early stage 
embryo (e.g., before the four-cell stage) A detailed procedure to produce such transgenic mice 

15 has been described (see, for example, U.S. Pat. No. 5,175,383 to Leder et al., 1992, the 
complete contents of which are hereby incorporated by reference). This procedure has also 
been adapted for other mammalian species. Another method for producing germ-line 
transgenic mammals is through the use of embryonic stem cells. The gene construct may be 
introduced into embryonic stem cells by homologous recombination in a transcriptionally 

2 0 active region of the genome. A suitable construct may also be introduced into the embryonic 

stem cells by DNA-mediated transfection, such as electroporation. Detailed procedures for 
culturing embryonic stem cells and the methods of making transgenic mammals from 
embryonic stem cells can be found in Teratocarcinomas and Embryonic Stem Cells, A 
practical Approach, ed. E. J. Robertson (IRL Press, 1987). 
25 In one embodiment of the invention, PAOhl/SMO expression is under control of the 

prostate-specific probasin promoter. However, those of skill in the art will recognize that it is 
possible to have expression of PAOhl/SMO under control of other promoters, for example 
the keratin 5/6 promoters for skin-specific expression, or the MMTV promoter for breast. 
Further, other elements related to expression of PAOhl/SMO may also be included, such as 

3 0 enhancer elements and the like. Further, the form of PAOhl/SMO that is expressed may be 

full-length enzyme, or a splice variant thereof 
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Chemoprevention 

As described above, there is ample evidence that oxidative stress has a role in the 
etiology of prostate cancer. Therefore, the above transgenic model may successfully mimick 
the earliest stages of prostate cancer, and be an ideal model for the testing of 
5 chemopreventative strategies including small molecule therapies. This would be particularly 
true of agents that act as specific inhibitors of the PAOhl/SMO oxidase. The transgenic 
model may become the standard model in which chemopreventative agents targeting prostate 
cancer will be tested. 
EXAMPLE 11. Therapy example 

10 Although the chronic production of the reactive oxygen species (ROS) can lead to 

genotoxic changes and potentially carcinogenic transformation, the acute, targeted production 
of ROS like HjOjcan also lead to apoptotic cell death. Since the high induction of 
PAOhl/SMO activity by specific antitumor polyamine analogues appears to be a tumor type- 
specific event and not a general phenomenon, the acute induction of PAOhl/SMO activity 

15 may be used for therapeutic advantage. Specifically, by treating cancers with agents that 

selectively and rapidly induce high PAOhl/SMO activity within the tumor, it may be possible 
to stimulate apoptotic death in the tumor cells through the production of ROS. It has been 
demonstrated that the induction of polyamine cataboUsm and the subsequent production of 
H2O2 were directly associated with the apoptotic response of human non-small cell lung 

2 0 cancer cells. However, this finding occurred prior to the discovery of the PAOhl/SMO 
enzyme and was thought to be the result of another enzyme in the polyamine catabolic 
pathway. Regardless, those experiments demonstrated the proof-of-principle that rapidly 
induced ROS production specifically in tumor cells can induce apoptosis. We anticipate as 
the regulation of PAOhl/SMO in response to polyamine analogue exposure is better 

2 5 understood it will be possible to identify the most effective and selective agents to kill tumor 

cells through the induction of PAOhl/SMO. This has already been demonstrated in lung 
cancers and it is likely that it will be successful in prostate, breast and other important solid 
tumors as well. The induction of PAOhl/SMO in the cancer cells may be carried out by any 
of several means that are known to those of skill in the art, including but not limited to 

3 0 exposing the cancer cells to an antitumor polyamine analog, through the introduction of 

PAOhl/SMO encoding DNA or mRNA into the cancer cells (e.g. by gene therapy), or by 



-57- 



I ■ 

• I 

combinations of these techniques. It will be understood by those of skill in the art that, 
whereas some cancer cells treated in this matter will be killed outright, others may only be 
damaged or weakened, or may lose their ability to proliferate, etc. Thus, this method may be 
used alone, or in conjunction with other cancer treatments, e.g. chemotherapy, radiation, etc. 
5 The method may be used to increase the efficacy of the killing of cancer cells by these other 
methods. 

While the invention has been described in terms of its preferred embodiments, those 
skilled in the art will recognize that the invention can be practiced with modification within 
the spirit and scope of the appended claims. Accordingly, the present invention should not be 
10 limited to the embodiments as described above, but should fiulher include all modifications 
and equivalents thereof within the spirit and scope of the description provided herein. 
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